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Foreword 


This work marks a stage in the evolution of a scientific and technical field 
which has been developed by the Commissariat a Energie Atomique (CEA) 
over several decades. Many members of the staff of the CEA have won re- 
nown in this field, and their work has brought it to the high degree of excel- 
lence for which it is internationally recognized today. These scientists had to 
consider every aspect of the field, as it concerned: 


— modeling, which has recourse to fluid thermodynamics, molecular phys- 
ics, and chemistry; 

— numerical evaluation, which relies on mathematical analysis and data 
processing; and 

— experiments in the firing area, which require specific stress generators and 
instrumentation. 


Whilst this book is a testament to the activity and success of staff of the 
CEA, it also reviews a number of the advances made in the discipline. How- 
ever, it is not intended to be an exhaustive account of those advances; it is 
assumed that the reader can, if desired, consult the standard monographs, 
and more recent, more specialized works (notably W.C. Davis and W. 
Fickett, and C.L. Mader). 

The history of the discipline is interesting in itself, and also as an illustra- 
tion of the causes which lead to progress in a coherent body of scientific 
work. I should like to make some comments on this progress, of which there 
is a fascinating summary in the introduction, and which will figure largely 
throughout the work. 

As with many disciplines, alongside theory and experiment, a new line of 
inquiry is developing—Computational Physics—in which models are tested 
by numerical codes which, as ideas develop, remain as faithful as possible to 
the models themselves. These codes must be based on a mathematical knowl- 
edge of the equations of the model. In Chapter II there is an introduction to 
the present state of this knowledge. This gives some idea of the difficulties to 
be overcome when dealing with the problem in three-dimensional real space. 
By the same token, the importance of Chapter III will be recognized, con- 
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cerned as it is with a detailed description of detonation waves using the 
method of asymptotic expansions. 

Researchers in this field have often speculated as to whether they should 
go no further than a continuum model, or whether useful results could come 
out of a discrete model within the framework of quantum mechanics. This is 
exactly the question put by Jacques Yvon when he was chairman of the 
symposium on High Dynamic Pressures held in Paris in 1978. On reading 
Chapters V and VI, the reader will note that a quantum model of the explo- 
sive molecule is well under way. 

Among the most pressing factors governing the nature of research is one 
which has been, and will be, decisive—human safety with regard to accidents 
resulting from the detonation of an explosive substance at the wrong time. A 
striking example of this factor is to be found in the chapters which deal with 
the beginnings of explosive decomposition and the generation of detonation 
by shock. 

Finally, it is impossible to ignore the fact that in this discipline, more than 
in others, experimentation is a powerful force which dictates the nature of 
any progress, which is why every chapter, albeit in varying degrees, is imbued 
with the ideas of experimentation. 

It is only right, as I bring this Foreword to an end, that I pay tribute to the 
authors who have produced a lucid text, of high scientific quality, in spite of 
the heavy load of their daily work which they have never at any time reduced 
during the production of this book. 


ROBERT DAUTRAY 


Introduction 


1. The Historical Background 


The idea of releasing thermal energy through chemical reactions goes back to 
the origins of humanity, a fact borne out by the Greek myth of Prometheus, 
and his avatars in other civilizations. For thousands of years man strove to 
understand phenomena which today are commonly referred to as combustion 
and flame. This was not quite so difficult, because the characteristic rate of 
this release is of the order of one decimeter per second, and so can be immedi- 
ately observed. 

In comparison, the idea of releasing mechanical energy through chemical 
reactions is of very recent origin. It was toward 1630 that black powder (a 
mixture of saltpeter, sulphur, and carbon, whose invention is currently attrib- 
uted to the Chinese in the early centuries A.D.) was used for the first time for 
its “shattering” properties in a mining development in Hungary, and shortly 
afterward, around 1670 in England. But it was not until the middle of the 
nineteenth century that such a use was to spread, thanks to laboratory prepa- 
ration of new substances (guncotton by Friedrich Schonbein at Basel in 1845, 
nitroglycerine by Ascanio Sobrero at Turin in 1847), and to the patents of 
Alfred Nobel who, from 1864, improved the industrial manufacture of nitro- 
glycerine and had the idea of marketing it, adsorbed on an inert, porous 
substance—kieselguhr. Dynamite was born, and with it there began an era 
in which the dynamic aspects of chemical reaction were raised to the rank 
hitherto occupied only by the thermal aspects. 


2. Some Important References 


It is in the context of current experience and rates of flame of the order of 
decimeters per second that the experiments of Marcelin Berthelot and Paul 
Vieille, and the account of these experiments given by the former to the 
French Academy of Sciences in 1881 (C.R. Acad. Sci. Paris, vol. CXIT, p. 18), 
must be placed: for the first time a reaction rate of the order of some kilome- 
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ters per second in gaseous mixtures was recorded. The new system of propa- 
gation was called explosive wave. The general nature of the phenomenon 
appears when a comparison is made with the results obtained by other scien- 
tists (among them F.A. Abel from 1869 to 1874), in both the liquid and solid 
phases, and leads to the emergence of the notion of explosive substance or, 
more briefly, of explosive. 

The first stage of the theory is marked by two papers by E. Sarrau, dated 
1892 and 1894, respectively. An important step was taken by D.L. Chapman 
who, in 1899, using the work of W.J. Rankine, put forward a thermodynamic 
treatment of permanent plane flow, where a chemical reaction is taking place 
in the flow. Then, from 1901 to 1913, E. Jouguet and J. Crussard published 
several papers which, inspired by the work of P.H. Hugoniot, proposed a 
treatment of any flow with a chemical reaction. The state of theoretical inter- 
pretation in 1914 is set out in Mécanique des Explosifs by E. Jouguet; it 1s 
dominated by the existence of two regimes of propagation, commonly distin- 
guished today by the terms deflagration (for the slower) and detonation (for 
the faster). 

After smouldering under the embers of the First World War, research 
was revived outside France as witnessed by the works, which have become 
classics, of N.N. Semenov (1928), B. Lewis and G. Von Elbe (1938), and W. 
Jost (1939). All three, in contrast to the view of E. Jouguet, which is synthetic 
and thermodynamic in nature, apply themselves to a review of known 
phenomena and their kinetic aspects. 

From 1940, the needs of nations involved in the Second World War cre- 
ated a rapid and unprecedented expansion in research into solid explosives. 
The use of such explosives in nuclear weapons necessitated the characteriza- 
tion of their properties and a modeling of their effects, which in turn meant 
resorting to the most highly developed methods of physics ... and to the most 
brilliant minds of the time. The papers of Y.B. Zeldovitch (1940), G.I. Taylor 
(1941), J. Von Neumann (1942), and W. Doring (1943) date from these trou- 
bled years. Although the papers were written in an isolation which we may 
only guess at, they share a common characteristic—they abandon the kinetic 
aspect envisaged during the interwar years and return to the only existing 
theory, that of E. Jouguet, to try to prove its obscure points or to draw from 
it simple conclusions. Many publications from the first years of new-found 
peace are the result of that systematic exploration. The works of Y.B. Zeldo- 
vitch and A.S. Kompaneets (1955), M.A. Cook (1958), and J. Berger and J. 
Viard (1962) give a good idea of the state of knowledge during the 1950s. 

Since then, great progress has caused another rapid expansion in the study 
of detonation in condensed explosives: the development of the numerical 
calculation of molecular orbitals in theoretical chemistry, and of equations of 
state of dense fluids (pure or mixed) in thermodynamics, formalization of the 
method of asymptotic expansions in fluid mechanics, etc. Moreover, in the 
course of the last two decades, the physics applied to ultrafast observations 
has made it possible to increase substantially the precision of measurements 
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of the velocity of propagation, and to arrive at the direct measurement of 
material velocities with the same precision. 

This progress in modeling and in experimental and numerical tools con- 
cerns many aspects of the physics of detonation. So it seems opportune to 
assemble in an autonomous work established knowledge as it now stands. 
We hope thus to demonstrate the multiplicity of the disciplines and tech- 
niques required for the study of these phenomena and, ipso facto, to identify 
the remaining gaps in the context of the evolution appropriate to each of 
those disciplines and techniques. 


3. Plan of this Work 


This work is made up of twelve chapters, divided into four parts: 


e Part One (Chapters I-III): the mechanical and thermodynamic aspects of 
the propagation of detonation waves; 

e Part Two (Chapters IV—VI1): the molecular mechanisms of explosive de- 
composition; 

e Part Three (Chapters VII—-IX): the macroscopic mechanisms of the genera- 
tion of detonation; and 

e Part Four (Chapters X—XII): the dynamic characterization of explosives. 


Chapter I comprises reminders (a statement of the fundamental laws for 
fluids, a molecular model of reactive fluid, and a continuum model of rective 
fluid) and an introduction to reactive waves. In Chapter I, in the framework 
of an arbitrary equation of state of the fluid, the general properties of waves 
(shocks, deflagrations, detonations) in fluids are elucidated, using the prop- 
erties of the Hugoniot and Crussard curves. Chapter III goes more deeply 
into the detonation regime, with the help of the method of asymptotic expan- 
sions and the concepts of internal and external structures. 

The various factors linked to the appearance of the detonation regime 
taken together form the subject matter of Parts Two and Three. The first aim 
is to establish the correlation between the sensitivity to “shock” of an explo- 
sive substance and the intramolecular mechanisms, concentrating on the 
atomic groups (Chapter IV) and on the distribution of the electrons (Chapter 
V). The aim then is to specify the reaction mechanisms which govern the 
appearance of an explosive decomposition (Chapter VI), and finally to ascer- 
tain the unity of the cooperative mechanisms which lead to the propagation 
of the chemical reaction (Chapter VII). Chapter VIII deals with the coupling 
of decomposition and motion. These different points of view are brought 
together in Chapter IX, which is devoted to the simple case of detonation 
generated by a plane shock. 

The description of flow, dominated by the formation of a detonation 
wave and its propagation, calls on experimental methods and very specific 
methods of numerical modeling, characterized by high pressures (a few kilo- 
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bars to several hundred kilobars), high velocities (a few millimetres per 
microsecond), and short observation times (a few microseconds). The aim of 
Part Four is to give the basic principles of the methods of measurement 
(Chapter X) and their use in some typical configurations (Chapter X]), as well 
as the basic principles of those numerical forecasts that are sanctioned by the 
codes designed for the computation of the state surface of the detonation 
products (Chapter XII). 
In writing this work, I have received valuable collaboration from: 


Alain Delpuech (Chapters IV, V, and VI), 
Christian Michaud (Chapters IV, V, and VI), 
Noel Camarcat (Chapter VIII), and 
Francois Olive (Chapter X). 


Without their collaboration it would not have been possible to tackle the 
subject from such different angles. 

This work stems from a suggestion by Mr. Robert Dautray, who expressed 
his confidence in us throughout the undertaking. 


ROGER CHERET 


General Plan 


Part One: The mechanical and thermodynamic aspects of propagation of 
detonations. 

I. General information on reactive fluid. 

II. Jump relations in perfect fluid. 

III. The detonation layer. 


Part Two: The molecular mechanisms of explosive decomposition. 
IV. Sensitivity to “shock” and molecular structure. 

V. Sensitivity to “shock” and electronic structure. 

VI. Explosive decomposition. 


Part Three: The macroscopic mechanisms of the generation of detonation. 
VII. Cooperative mechanisms. 

VIII. Coupling of decomposition and motion. 

IX. Generation of detonation by plane shock. 


Part Four: The dynamic characterization of explosives. 
X. Experimental methods. 

XI. Elementary configurations of simple detonation. 
XII. Numerical predictions. 
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Note for the Reader 


— The work is published in one volume, divided into four parts. 

— The text is organized into chapters (Shown by Chap. followed by Roman 
numerals) which are subdivided into sections (shown by Sec. followed by 
one Arabic numeral) and subsections (shown by § followed by two Arabic 
numerals). 

— Equations are numbered within each chapter, as are both tables and 
figures. 

— For practical reasons a list of references may be found at the end of Part 
One and of Part Two, whilst at the end of each chapter of Parts Three 
and Four. The authors regret that, in spite of all their efforts, gaps exist in 
these lists, particularly in the area of publications unavailable in French 
or English language versions. 

— The volume ends with a list of the principal notations and an index. 
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Summary 


Part One, devoted to the mechanical and thermodynamic aspects of the 
propagation of detonations, uses a fluid modeling of the relevant media. That 
is why Chapter I is devoted to reminders about fluid, in general, and reactive 
fluid. Initially, the expression of the basic laws appropriate to fluid behavior 
is established, taking care to bring out the jump relations which result from 
these laws. Then, so that the reader may gauge the complexity of the reactive 
fluid with K components, as well as the relevance and significance of an 
average fluid, there is a standard presentation of the expression of the basic 
laws for both a molecular and a continuum model of the reactive fluid. Taken 
together, these laws form an introduction to reactive waves. 

Chapter II proceeds to a detailed study of the jump relations for a perfect 
fluid with an arbitrary equation of state. The general properties of shock 
waves are elucidated through a consideration of the Hugoniot curve, and the 
general properties of deflagration and detonation waves through discussion 
of the Crussard curve. A closer look is then taken at detonations and the 
so-called Chapman—Jouguet condition. Finally, the polytropic fluid model is 
introduced, and some results are set out, which are used profitably in subse- 
quent chapters. 

Chapter III goes more deeply into the detonation regime. The chosen 
approach considers detonation as a layer of steep pressure gradients in a 
dissipative reactive fluid, and studies this layer using the asymptotic expan- 
sions method. A suitable choice of perturbation parameter makes it possible, 
first, to deal with the phase of propagation when detonation 1s said to be built 
up. In the three-dimensional, nonstationary configuration, the internal and 
external zero-order structures are specified, and the laws of propagation are 
established, through the introduction of the notions of quasi C—J detonation, 
simple detonation, and autonomous detonation. There follows a more extensive 
analysis of detonations in one dimension of space. Choosing other perturba- 
tion parameters makes it possible to extend the method to other phases of 
propagation: birth of a simple detonation, extinction/bifurcation of a simple 
autonomous detonation. 
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XIV Summary 


In Part Two, the relationship between the intimate structure and the 
ability of a substance to decompose explosively is considered. 

Chapter IV recounts the failure of attempts to correlate the experimental 
results, which are traditionally grouped together under the heading sensitiv- 
ity to “shock,” with the existence and with the properties of certain atomic 
groups within the molecule in its fundamental state. 

Chapter V develops the principal idea which states that, in a chemical 
reaction propagated in the form of a detonation: 


(i) the molecule goes through an excited state; 
(ii) there is a special bond, called explosophore, whose minimum polarity 
after excitation determines the sensitivity to “shock.” 


The way in which this criterion is used is demonstrated: to calculate the 
experimental sensitivity scale, to interpret the traditional distinction between 
primary and secondary explosives, and to put the different chemical families 
of explosives into a single framework. 

Between the considerations of Chapter V, which focus on the excited ex- 
plosive molecule, and those of Chapter VII which are directed towards the 
first stage of a continuum modeling of chemical reactions, Chapter VI con- 
tains results concerning the molecular population after excitation. Here there 
are assumptions in favor of the existence of two subpopulations of excited 
molecules; one of these would account for sensitivity, and the other for the 
conditions in which the cooperative process of explosive decomposition can 
be created. 

In Part Three, devoted to macroscopic detonation mechanisms, we en- 
deavor to bring order and unity to the profusion of terms, experimental 
results, and models which have accumulated indiscriminately from the legiti- 
mate uses and the misuse of explosives. Part Three consists of three chapters 
in which we range between the local and global features, as well as between 
the quantitative and qualitative aspects of the subject. 

Chapter VII defines and develops the notions of ignition phase and induc- 
tion phase. During the former, decomposition of the explosive manifests itself 
in preferential sites, hot spots; possible mechanisms for this dynamic hetero- 
geneity are evoked, and we suggest a return to two principal sources, pore 
collapse and mesoscopic shear. As far as the second phase 1s concerned, 
which leads from ignition to propagation, we show how the variety of situa- 
tions encountered can depend on orders of magnitude and reaction schemes 
at the same time. 

In Chapter VIII we discuss the link between decomposition and motion 
from the viewpoint of the “computational” physicist. Applying the general 
considerations of Chapter I, we deal with a two-component reactive flow and 
we clarify the alternative which occurs between a unique system for an aver- 
age fluid and systems for each of the two components. We are then in a 
position to discuss the simple one-dimensional rectilinear case and to analyze 
the different modifications with regard to a reference algorithm. We are thus 
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led to the problem of the expression of the reactivity of an explosive sub- 
stance: we recall the current tentative solutions to the problem and we de- 
scribe the first step on a unified route leading from hot spots to reactivity. 

Chapter IX deals with a particular class of geometries, those in which a 
detonation builds up under the effect of a plane shock, at first from the 
viewpoint of the “experimental” physicist, before again taking up that of the 
“computational” physicist. Having defined the field of investigation, we then 
move on to a general treatment of propagation and we give a precise mean- 
ing to the terms time and run to build-up. We are then in a position to 
determine, from experimental results of one-dimensional and two-dimension- 
al impact, what are the sensitivity of an explosive substance, the detonability 
thresholds, and the critical pressure. This last concept and that of critical 
diameter introduced in Chapter III, provide the means for analyzing non- 
molecular factors of sensitivity. The deduced experimental laws, combined 
with the contents of Chapter VIII in fine, serve as a basis for a unified 
formulation of the reactivity of an explosive substance. 

In the fourth and last part, we attempt to provide a framework within 
which to describe the dynamic characterization of explosives. 

Chapter X is an exhaustive and detailed review of the means to which the 
experimental physicist has recourse. We cover the techniques according to 
the usual classification which depend on the nature of the signal generated 
at the level of the assembly (optical, electronic, and radiographic measure- 
ments), then we deal with stress generators. 

Chapter XI provides an opportunity to make use of the concepts intro- 
duced and the results obtained throughout the first ten chapters, in order to 
give a new description of several elementary geometries of simple detonation. 
Thus, we deal with the traditional “plane” regime, where the detonation is 
quasi C—J, then an axisymmetric regime with lateral priming where detona- 
tion is partly strong and partly quasi C—J. We also deal with spherical 
explosion regimes where it is quasi C—J and implosion regimes where it is 
strong. Finally, we deal with the break of a quasi C-J autonomous detona- 
tion on the free surface of an explosive structure, while extracting a new 
theoretical framework for interpreting experimental observations. 

Chapter XII is devoted to the numerical prediction of the performances of 
explosives. Our aim is to determine the sense and value to accord to this 
prediction, to define an elementary problem and some associated problems, 
and finally to refine the validity criteria of the prediction. We examine the 
main options available in the estimation of functions of state which concur 
with the formation of the prediction, and those which are available for the 
choice of algorithms and thermochemical data. These considerations are il- 
lustrated by several results judged to be significant both in regard to the 
Chapman—Jouguet state and to the surface of state of the detonation 
products in its entirety. 
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Part One 

The Mechanical and 
Thermodynamic Aspects 
of the Propagation 

of Detonations 


CHAPTER I 


Generalities Concerning 
the Reactive Fluid 


1. Expression of Fundamental Laws 


1.1. Mathematical Reminders 


In a frame & (€;; i = 1, 2, 3) of orthogonal rectilinear coordinates, the motion 
of a system SY may be observed; the velocity vector of the “particle” Me SF 
which is at point P (x,;;i = 1, 2,3) at instant t is designated by u (u,; i = 
1, 2, 3). 

Let any connected domain inside ¥ be D, and let the norm exterior to D 
be n (n,; i = 1, 2, 3). Three conventional results of integral differential calcu- 
lus are given below. (In order that such statements should not be cumber- 
some, we will remain deliberately brief insofar as the mathematical 
expression of hypotheses required for these theorems is concerned.) 


Green’s Theorem. A vector a (a;; i = 1, 2, 3) is considered, continuous in S(t) 
except if necessary on a surface x, mobile in Z&, of the norm N (N;; i = 1, 2, 3); 
the intersection of & and D [void if necessary] is designated by X(D). Thus 
Green’s theorem is designated 


| a;n; DS -| a,,DV+ | [a;N;] DS, (I.1) 
aD D £(D) 


where |a;N; |] denotes the difference between the value of a scalar product a- N 
on the positive side of N and that on the negative side of N. (N.B. The transi- 
tion thus defined is independent of the direction of N.) 


It is worth noting that the result (I.1) may be generalized for every tensor 
a which is of order greater than 1. 


Particle Derivative of a Volume Integral 


A scalar ¢ is considered continuous in A(t) except, if necessary, on a surface 
x, mobile in &, of norm N (N; = 1, 2, 3); the intersection (void if necessary) of 
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x and D is denoted by 2(D). The volume integral {, @ DV is a function of 
time alone, whilst domain D is a material volume followed in its motion; its 
derivative, said to be particle because the summation still extends to the same 
“particles” in the course of time, may be set out as (see [21], for example) 


dt Jp p O aD =(D) 


where 0; denotes the rate of propagation of 2 in & (if t = f(x,, x», x3) is the 
equation of X, then 6; = f ;|grad f|~7); on the right, the first term translates 
the variation of g in time, the second expresses the contribution due to the 
motion of D and is called the convection term. The third term is a result of the 
possible presence of a discontinuity of @ within D and is called jump. 

Applying Green’s theorem to the convection term for vector gu gives the 
expression 


d 
— | @gDV= E + (ou), | DV + | [ow,]N; DS (1.3) 
dt Jp Jp | ot =(D) 


in which appears the velocity-vector w; = u; — 6, (i = 1, 2, 3) of a particle of 
F relative to X. Finally, starting from the identity d/dt = /dt + u,(@/dx;), we 
have 


d d 
— | go DV= | (<¢ + ou.) DV + | [ ow;N;] DS. (I.4) 
dt Jp p \ dt =(D) 


Fundamental Lemma of Continuous Media Physics. Let a defined and continu- 
ous function in domain D be ‘¥(M), and a dense family in D be {d}. If for each 
d the integral of ¥ in d is nil, then the function ® is identically nil in D. 


Note 1. By integral must be understood a volume integral if D c R3, a sur- 
face integral if D belongs to a surface, and a curvilinear integral if D is a 
curved arc. 


Note 2. The lemma remains valid if ‘¥ is a component of a vector quantity. 


1.2. Conservation of Mass 


The so-called hypothesis of conservation of mass accepted by conventional 
physics may be expressed thus: 


The mass of an arbitrary domain D of system ¥ remains invariable when D is 
followed as it moves. 


If the distribution of masses on is defined by a volume density p = v"}, 
this hypothesis is equivalent to the cancellation of the particle derivative of 
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the integral of p over D, and—according to (I.4)—to 


d 
p \dt x(D) 


Considering successively the cases where &(D) = 0 and X(D) # 0, and ap- 
plying the fundamental lemma to a dense family in D and a dense family in 
x(D), leads to an equation with partial derivatives which is valid wherever p 
and u may be continuously derived 

dp 

—_ + ii= O I.6a 

qe + PU (I.6a) 
and a jump equation which is valid in every point of a surface of discontinuity 
of p and/or u | 

Lew; Ni] = 0. (I.6b) 


It should be noted that (I.6b) brings in only the normal component w;N; of 
the relative velocity-vector W of matter relative to surface &, and that (I.6b) 
can be interpreted by saying that the normal flux of mass through 2 has the 
same value M on either side of &. 


1.3. The Law of Dynamics 
In its most usual form, the law of dynamics is expressed as follows: 


There is at least one referential (a frame of reference in space and time) called Galilean 
in which—for every physical system and at every moment t—the dynamic torsor is 
equivalent to the torsor of the exterior actions applied to this system. 


In order to apply this law to any system Y, an arbitrary domain D within 
SY must first be considered, then a partition must be made of the effects on D 
(those effects called external which are brought to bear on D by systems 
external to Y and those called internal which are brought to bear on D by 
those parts of Y which are external to D), and finally a model of these effects 
must be made. The conclusions that may be drawn from this justify—in the 
most common physical situations—a representation where: 


(i) the external effects are the result of volume distributions, <f,(P, t); i = 
1, 2, 3) of forces and <m,(P, t); i = 1, 2, 3> of momenta; and 

(ii) the internal actions are the result of a surface distribution of forces 
<T; = t,,(P, t)n;; i = 1, 2, 3>* where n conventionally designates the norm 
external to D. 


* T is called the stress vector in P for the direction fi. 
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In these conditions, the law of dynamics is wholly expressed on the one 
hand by the vector equality of the resultants, and on the other of the mo- 
menta which result in a point O connected to # 


d _. _. 
«| pu Dv = | tps + | f DV, (1.7) 
dt Jp aD D 


d _ — ek — es 
=| OM 1 pu DY = | OM 7s + | (OM a f +m) DV. (1.8) 
dt Jp aD D 


If the particle derivatives are converted into (I.7) using (1.4), and the sur- 
face integrals into (I.7) using (I.1), the result is 


d . 
D z(D) 


which, according to (I.6a) and (1.6b), is then written 


du: 
D x(D) 


So, a reasoning analogous to that made earlier on the expression (I.5) of the 
conservation of mass leads to three equations with partial derivatives, called 
equations of motion and three jump equations 


du. 
po =t,, +f i= 1, 2,3, (19a) 
| Mw; —_ tN, ] = 0, 1 = 1, 2, 3. (I.9b) 


Similar conversions and considerations carried out on (I.8), and taking 
(1.9) into account, lead to three equations from which partial derivatives and 
external forces disappear 


E ign lx = m,, 1 = 1, 2, 3, (1.10) 


where ¢,,, is the basic antisymmetric tensor in R*. By introducing the anti- 
symmetric tensor C;, associated with pseudovector m; by 

mM; = —38iCi; i = 1, 2, 3, (1.11) 
and the sum og; = t, + 7C,, (1.10) can be expressed as 


fix jk = 0, 1 = 1, 2, 3, (1.12) 


which expresses—quite simply—the symmetry of the tensor o;, which is 
called the Cauchy stress tensor. 


1.4. The First Law of Thermodynamics 


Assuming that the concept of mass density of internal energy e and the con- 
cept of heat have been defined elsewhere, and accepted, the first law of ther- 
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modynamics 1s expressed: 


For every physical system, at any time, the particle derivative of total energy (the sum 
of internal energy and kinetic energy) is equal to the power of external effects increased 
by the rate of heat received). 


Here again, as with the law of dynamics, its application leads to an exami- 
nation of an arbitrary domain D inside Y, and the carrying out of a partition 
of the rate of heat received by D. For the most common phenomena, the 
conclusions resulting from this justify a representation where the rate of heat 
received results from: 


(i) a surface distribution <q,(P, t); i = 1, 2, 3>*; and 
(11) a volume distribution 7(P, T). 


In these conditions, the first law of thermodynamics is wholly expressed by 
the scalar equality 


d 
at | Plet a JPY= |] tea), DS + | (us; + om, + 4 DY, 
dt J, 2 > 

(1.13) 


where @ is the pseudovector associated with tensor u, , of the rates of defor- 
mation by 


QO; = — FE ij Uj,K- (1.14) 
It is easy to verify that (1.11) and (1.14) entail 
O,M, => 7C,U,, ;- (1.15) 


Converting the particle derivatives into (1.13) by (1.4), and the surface inte- 
grals into (1.13) by (1.1), gives 


» | dt 2 
u,U; 
-| (uty — 4), DY + | lo a) ) m= (4 - a) |N.DS = 0, 
x(D) 


which, according to (1.6), (1.9), and (1.15), is then expressed 
de 1 
Pa u, (ty + 2Cy) + 4::—¢ | DV 
D 


+ | iM (« + mame) (wt = aN, | DS = 0. (1.16) 
x(D) 


A reasoning analogous to that already used on two occasions for the conser- 


“) u; ; — (u,f; + @,m; + 4] DV 


* q is called the heat flux vector; it has the same dimension as a force per unit of 
surface. 
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vation of mass and the law of dynamics leads to an equation with partial 
derivatives and a jump equation 


de 
Par = u, (ty + Cy) — ai, + Z, (I.17a) 
Me +™ my [wt — ai] N;- (I.17b) 


1.5. The Second Law of Thermodynamics 


Since the first formulations made by Carnot and Clausius, the second law of 
thermodynamics has taken many forms. Here, to be brief whilst remaining in 
keeping with preceding presentations, it is assumed that the notions of fields 
of absolute temperature T and mass density s of entropy, as defined elsewhere, 
are accepted. The second law can then be expressed: 


For every physical system, at any time, the particle derivative of entropy is superior 
to or at least equal to the rate of heat received referred locally to the absolute temper- 
ature. 


In the modeling conditions used above for the rate of heat received, and 
for an arbitrary domain D inside system Y, the second law is wholly ex- 
pressed by the scalar inequality 


d L q,n, 
— DV>{ —DV-— - DS. 1.18 
rane ah \, T ets) 


Converting the particle derivative into (I.18) by (1.4), and the surface integral 
into (1.18) by (1.1), gives 


d qa ¢ 
I, E (ps) + psu: + (#) 4 Det No Lpsw; + q:N,] DS = 0, 


which, according to (I.6), is then expressed 
d 4 
{, E = +(%) -{|pv+[ [Ms+q;N;]DS>0. (1.19) 
dt / T =) 


An easily conceivable generalization of the fundamental lemma, mentioned 
in §1.3, leads to an inequality with partial derivatives and to a jump inequality 


ds qi t 
[Ms + q;N;] = 0. (I.20b) 


Because of its subsequent interesting consequences, it is worth noting the 
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result of the elimination of 7 between (I.17a) and (I.20a) 


de ds 1 
Ue: — — — T— . _ > 121 


which is generally known as the Clausius—Duhem inequality. 


1.6. The Case of Fluid in the Absence of Moments 


Although they result from elementary modelings, the general expressions 
(1.6), (1.9), (1.12), (1.17), and (1.20) are, nevertheless, of a complexity which 
suggests that simplifications should be sought, whether in the nature of 
the stresses (f, m, 7“) which act on the system, or in the mechanical (0;;) or 
thermal (q;) behavior of the system itself. Below we consider first the con- 
sequences of the absence of stresses of type m, and then of a behavior of 
perfect fluid or dissipative fluid of the Navier—Fourier type. 

The cancellation of field m leaves unchanged the equations (1.6) which 
express the conservation of mass, just as it does those equations (1.20) which 
express the nondecrease of entropy. On the other hand, this hypothesis mark- 
edly simplifies the equations with partial derivatives which stem from the law 
of dynamics and the first law of thermodynamics, without however influenc- 
ing the associated jump equations. In fact, (1.6), (1.9), (1.12), and (1.17) taken 
together become 


P + pu; ; = 9, [ew,N;] = 0, 
du, 
Pap = Cs + f, [Mw; —o,N,] =9, i= 1, 2,3, 1.22) 
de w;W 


= 6;,U; j —_ qii + t, M le +- 5 ] = Wj oji — qillN;, 
o,; Symmetrical. 


Suppose now that the system behaves like a fluid: the mass density e of 
internal energy is a function of v and s, such that de — T ds 1s proportional 
to dv. By defining the pressure p(v, s) of the fluid by 


de — T ds = —p du, (1.23) 
the inequality (1.21) becomes 


1 
(6;; + pdo,;)U;,; + qi Log (7) . = 0. (1.24) 


st 


Consider the case where the fluid behaves like a perfect medium: each of 
the left-hand terms in (1.24) is identically nil, whatever the respective gradi- 
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ents of velocity u; ; and of temperature T ;. So the tensor of stresses o,; and 
the heat flux vector q, are necessarily in the form 
oy = — by, 
, ’ (1.25) 
q; = 0. 


The expressions (I.25) help to simplify greatly the set of equations (1.22) and 
inequality (I.20b) 


dv a 
Pat = Unis 
du. 
p—i=-—p,+f, i=1,2,3 (1.26a) 
dt ’ 
ds 
pT —=2 
p dt 9 
Lew.N;] = 90, 
[Mw, + pN, | = 0, = 1, 2, 3, 
w. (1.26b) 
IM (« + “im + pun,| = 0, 


Ms] > 0. 


Consider the case where the fluid behaves like a Navier-Fourier dissipa- 
tive medium: each of the left-hand terms in (1.24) is a positive defined qua- 
dratic invariant of u, ; and T_;, respectively. Then the tensor of stresses G;; and 
the heat flux vector q; are necessarily in the form 


Oj = —Pojy + Tj, 
Tj = WU,,0,; + 2uu;;, ww’ >O, (1.27) 
qi= —AT,, A>O. 
Equations (I.6a), (I.9a), and (1.17a) become 
dv 
Pat = 


du, 
pP dt = —Ppj + Niji j + f,, (1.28) 


u 


i,t 


ds 
pls = LAT i]; + 1; ;U;, j + t. 


In the chapters that follow, we will have only the equations (I.26a, b) and 
(1.28) with f; = 0 to consider. For (1.26b), in particular, there exists an interest- 
ing form which is developed below. 
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Let the tangential and normal components of W over ¥ be designated by 
Ww. and wN; let the values on either side of = be marked by the indices 1 and 
2; equations (I.26b) may then be expressed 


M = p1W, = p2W2, 


M(w,—w,)+p2—pi=0, M(W,,— W,2)=0, (1.29) 
w2— w2 
M(e, —e, + a + [Iw.") + P2W2 — Piw, = 0. 


When M +0, noting that w, — w, = M(v, — v,) and eliminating M, we 
have 


Wit _ Wi = 0, 
w? = _— p22 <4 P2 — Pi 
V1 ~— VD," 
(1.30) 
w3 _ p32 ++ P2 — Pi 
v1, — D>” 


Cy — €y = 3(P1 + P2) (V1 — 02). 


It was in the work of W.I. Rankine (Philosophical Transactions, vol. CLX, 
Part I, p. 277, 1870), on the permanent rectilinear flow of a Navier—Fourier 
dissipative fluid, that the last equation (1.30) appeared for the first time. But 
its real significance became clear only through the work of Hugoniot [25] 
and of Crussard [14], which showed that it possessed the outstanding prop- 
erty of linking the thermodynamic states on either side of a surface of discon- 
tinuity & in a perfect fluid. Depending on the physical phenomena included 
in &, there are various ways in which this equation may be presented, and 
these are analyzed in Chapter II. 

Before going on to this discussion, an examination will be made in greater 
detail of the physical significance, for a reactive fluid, of the quantities a; 
(Cauchy stress tensor) and q; (heat flux vector), which were introduced earlier 
to model the mechanical and thermodynamic transfers within the system. In 
Section 2, this more detailed study is made at the level of molecules, in 
accordance with a process which is similar to that which leads, classically, to 
the Boltzmann equation. In Section 3, the study is made on a macroscopic 
level, in accordance with a process analogous to that which serves as a foun- 
dation for the studies of turbulence. These two approaches are elementary 
and certainly standard in the case of a fluid composed of a single chemical 
type. They are more complex when, in a fluid, several chemical types meet 
and react amongst themselves. But this complexity, if not essential, is at least 
very instructive in the study of the flow of reactive fluids, insofar as it brings 
to light the relationship and the coexistence of the mechanisms of molecular 
diffusion and turbulent diffusion, and it also demonstrates how these two 
mechanisms contribute to transfers of mass, of momentum, and of energy. 
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2. Molecular Model of the Reactive Fluid 


2.1. Introduction 


Let us consider a fluid system S(t) containing molecules distributed in K 
populations (k = 1,..., K) (N.B. This viewpoint obviously fits the case of a 
reactive fluid made up of molecules of the same species distributed over K 
energy levels.) The distribution function f* is defined such that 


f*(x, u, t) Dx Du, k =1,...,K, 


is the probable number of (k)-type molecules in the neighborhood Dx Du of 
point x (x,;; i = 1, 2, 3) at instant t. (N.B. Throughout §2.3 and §2.4, the index 
(superscript) kK marks a chemical species and is never dummy.) 

Let us consider a molecule of type (k) present in x, with velocity ui at 
instant t. If there were no intermolecular collisions, monomolecular reac- 
tions, radiative jumps, etc., then this molecule would evolve so that, shortly 
afterwards—at instant t + dt—its position would be (x; + uf dt; i = 1, 2, 3) 
and its velocity (uj + g* dt; i = 1, 2, 3) where (g*(x); i = 1, 2, 3) is the mass 
density of external force applied to the species (k). As a result, the only mole- 
cules of type k that would arrive at (x; + uf dt, uf + g* dt) at instant t + dt 
would be those situated at (x;, us) at instant t, so that there would be equality 
in terms of the number of molecules 


f*(x; + uf dt; uf + gk dt; t + dt) Dx Du = f*(x,, ut) Dx Du. 


But, in fact, the result of collisions, etc., is that molecules present in the 
neighborhood (Dx, Du) of (x;, u*) do not reach the neighborhood (Dx, Du) of 
(x; + u* dt, ut + gi dt) at instant t + dt; let Af* Dx Du be the number of 
these molecules. Moreover, collisions, etc., result in other molecules of type 
(k), to the number of Aff Dx Du, which are missing in the neighborhood 
(Dx, Du) of (x;, u‘) at instant t, occurring in the neighborhood (Dx, Du) of 
(x; + uf dt; uf + gi dt) at the instant t + dt. The above equality is therefore 
invalid and must be replaced by 


f*(x, + uf dt; uf + g* dt; t + dt) = f*(x,, ut) + (AFE — AF®). 
In the limit, when dt — 0, the identity is expressed 


of* Af* 
oor ea + ul f* + gift = At? 


(1.31) 


where Af“/At is the net variation level of f* due to collisions and mechanisms 
on the molecular scale. (N.B. The derivative of f* in relation to the variables 
x; 1s marked by a Roman index, and in relation to the variables u, is marked 
by a Greek index.) Equation (1.31) is an extension of the standard Boltzmann 
equation. 
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2.2. Kinetic Definition of Thermodynamic Variables 


For each type of molecule, the mechanical variables can be defined as inte- 
grals over the velocity space of the appropriate quantity weighted by the 
distribution function. 

So the volume density n* of type (k) molecules present in (x,; i= 1, 2, 3) at 
instant t 1s 


n*(x,, t) = | Px, u;, t) Du. (1.32) 


td 


From n* and molecular mass m*, we can define: 


n = )_ n* total number of molecules per unit volume of the mixture, 
k 


p* = n*m* mass of (k) per unit volume of the mixture, 
p = >, p* density of the mixture, (1.33) 
k 


k 
xX* = -. molar fraction of (k) in the mixture (}° X* = 1), 


k 
y* = _ mass fraction of (k) in the mixture (}° Y* = 1). 


Other variables which are secondary but nevertheless useful in simplifying 
certain expressions can also be introduced using the Avogadro number .V 
M* = .Vm* molar mass of (k), 


k 


n , . 
k= 77 number of (k) moles per unit volume of the mixture. 


Cc 
More generally, the local average of a quantity G*(x;,, u,, t) can be defined by 


G*(x,, t t)= 0 | Grex, u,, t): f*(x;, u,, t) Du. 


Hea 
So, if G* is the velocity u* of the (k) molecules, we have 


— 1 
ul == [ur Du 
n 


td 


from which we can state 
uo = 5 Y*u! average velocity of the mixture, 
af = uf — uP? proper velocity of a molecule of (k), (1.34) 
fi* = u* — u° diffusion velocity of (k) in the mixture. 


It is essential for what follows to note that the diffusion velocities verify both 
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identities 
p> Yak => p* ak =) n* m*i* = 0. (1.35) 


The introduction of temperatures T“ and T° for the species (k) and the mix- 
ture is based on the hypotheses (k = Boltzmann constant) 


3kT* = 4m*|a* 2, 
3kT° = 3 > X*m*| a" 
from which the immediate result is 
T° =) X*T*. 
N.B. It can be established that, for the Maxwell distribution law, 


wf m* \?? 1 m*|a*/? 
a nt( mr) exp(—} kT ), 


temperatures T, T°, and T* are equal. 
Defining the internal energy of a (k) molecule as the sum 


4m*| ai*|? + sf 
where «“ is the contribution of the internal degrees of freedom (rotation, 


vibration, etc.), it is possible to express the average proper energy of a (k) 
molecule 


sm*|a*|? + e! 


and then the average internal energy of the n = )' n* molecules present in the 
unit volume of the mixture 


Y, 1nkm*|a*|/? 2 + Y, n*e* 


By dividing the preceding expression by p = Sn! m*, the specific internal 
energy e° of the mixture is obtained. In view of n*m* = = pY“, e®° takes the 


form 
k\2 
=y yt (‘s | +5) (1.36) 


2.3. Equations of Evolution and Invariants by Summation 


Multiplying (1.31) by a function ‘“(u) and integrating over the entire space of 
velocities gives 


Of" k,,k¢k k_ ,kek , Af* 
¥iG, Dut | Puy Du + | Mgt, Du = | ¥*— Du. 


Given the independence of variables x, u, and t and considering only the force 
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fields of the type gk(x, t), we have 
Wulf’ = (ult) ,, 
Peg it’ Du = W*(gcf"),, Du = D(P"g7f*) — gif P", Du. 
From which follows 


Af* 
2 | eet Du + Piult* Du} — gi wv fk Du = | w*—— Du, 
at 5 Jo At 


assuming that |u*|Y*f* tends uniformly towards zero when |u| — oo. Then, as 
a result of the definition of the average value G of a function G, we obtain 


k 
o kp 4 (nyt) — nkgkpe — peat Du (1.37) 
at ved ee At 
called the equation of evolution of the function . 

For all the processes on the molecular scale (collisions, radiative jumps, 
etc.) in which u can change without change in the macroscopic position(s) of 
the molecules concerned, some * quantities can survive on average at any 
instant and at any point, which means in fact that 


Af* 
Y; jae Du = 0. (1.38) 
ran At 
Such a ‘Y* quantity is called an invariant by summation. Insofar as we can 
disregard mass, momentum, and energy removed by radiation in radiative 
collisions and transitions, then 

m*, mut, 4m*|u*|? + e&€, 


are invariants by summation. The form taken by the corresponding equa- 
tions of evolution is examined below. 


2.4. Conservation of Mass 
By summing the equation of evolution relative to m* over k, there follows 


6) 
> = n*m* + Y (n*m‘ ij) , = 0. 
R ot k 

From the definitions (1.33) of p“ and p, the definition (1.34) of the average 
velocity u; of k, and the properties (1.35), we have 


Op 


aT > (p* up) ; = 0, 


or, alternatively, 


0p 
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If the operator “particle derivative according to the mixture” is introduced 
a. Uu:; —, 
dt ot 7 dx; 


the above equation in written 


which is identical to the first equation (I.22) once the particle velocity u, of the 
continuum model is identified to the average velocity u? of the mixture de- 
fined in (1.34). 


2.5. Conservation of Momentum 
By summing the equation of evolution relative to m*ui over k, we have 


Y Sat m*at) + d (n*m*u*ut ~2 n‘m“g*6;, = 0. 
k 


The average of u‘u*« can then be written as the sum of four terms 
ee | 
uP uP + ufdk + u? ai + Oka. 


After a summation weighted by n*m* = p Y*, the second and third terms 


make a zero contribution according to to (135) So, by defining o;; and f/ as 
= —Y atm*afa = —Y oF 
f° = Y; p “gi ) 


(1.40) 


we have 
& (pu?) + (pup u?) ;— Oi, j — f? = 0. 


By a sensible expansion of the first two terms and using the operator d°/dt, 
we have 
d°u 0 
dt 


0p 
~ + U; | + (put) i] = 08,41 


The second term of the left-hand member is zero in accordance with the 
equation (1.39) of conservation of mass, with the final result 


d°u? 
dt 


which 1s identical to the second equation (I.22) when the obvious relations 
between the sums uj’, a7, f° defined by (1.34) and (1.40) and the quantities u,, 
g;;, f; introduced in the continuum model are considered. This relation makes 


it possible to give the components of the Cauchy stress tensor o,; a micro- 


of + ff, (1.41) 
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scopic significance linked to the flow of proper momentum: N’ and N’ refer- 
ring to two unit vectors at point P of real space, a;(N’, N”) results from the 
summation over k, weighted by the p*, of the proper momentum in the 
direction N’ which on average traverses the unit area whose norm is N” in 
the direction —N’ during a unit of time. 


2.6. Conservation of Energy 


The quantity Y* considered is m*|u“|*/2 + «* where the last term is assumed 
to be independent of (u, x, t). First, it should be noted that 


Y* = m*[3|u?|? + upul + 3/0" |? + e*]. 
Considering the expression of e® given in (1.36), and also the relations (1.35), 
Summation over k gives 


> npr = p(S|u°|? + e°). 
It should then be noted that 
Puy = m*[Slu°|?up + o[u° |? dF + updfu? + up dayay 
+ [zm*|a*|? + e*](up + oF), 
with the result that 
> oul = Zplu|?u;p + 0 + 0 — ufo? + peu? + q?, 
provided that we assume 
ee — k 
=) n*($m*|a|? + e*)uf = =) p Dat + =| ay. (1.42) 
Finally, it should be noted that 
wt, = m*[uo + ak) 
with the result that 
nkgkipk — még*(u? + Gf). 


After all these observations, the equation of evolution of the quantity ¥* = 
m*|u‘|?/2 + e*, after summation over k, gives 


O A 
a bolslu°l? + €°)] + Lo(glu°? + eu? — ufos + af), = ust? + ¥ ptartl. 


A sensible expansion of the first two terms of the left-hand member gives 


(= + wpe’) + (e° + 4\u° P| + (puy), A 


dup du? 
+ pus 0( a my + uy mt) — (up oj; — gp), ;.- 
J 
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The first term equals p(d°e°/dt), the second term is zero according to the 
equation of conservation of mass; the third term equals pu?(d°u?/dt) = 
u?(o? ; + f?) according to the equation of conservation of momentum; so the 
above equation, after simplification, takes the form 
dee? - 
p— Un; Ag + 2 gk p* ik, (1.43) 


which is identical to the third equation (1.22) by adding to the relations 
mentioned above the relation between q,; and the sum q? defined in (1.42), and 
the relation between / and 7° defined by 


= gk pk ak. (1.44) 


2.7. Diffusion Equations 


In the presence of chemical reactions characterized by a volume rate P* of 
production of type (k) mass, the number of type (k) molecules is not a summa- 
tion invariant. So the equation of evolution of ‘* = 1 governs the variation 
in concentration of each species; the corresponding K equations, of which 
only K — 1 are independent as a result of the relation )’ Y“ = 1, are called 
diffusion equations in the mixture. From the initial form 


AM Dy 
on" + (ahah) =| 5p 


it can be deduced, by multiplying by m* and expanding uf 
O xk 
a (PY") + (p¥*up),; + (PY*d}),; = Pt 


As in the above two subsections, a sensible expansion of the first two deriva- 
tives leads to 


oY" Ovk k Op 8) kak 
a a) =e + (PUP), + (pY*u;) 5 = 


Taking account of the equation of conservation of mass which cancels out 
the second term, and isolating the flow of mass associated with species k in 
the mixture 


py" at = pak 
the diffusion equations take the form 


d°y* 


+ (p*at) , = P*. (1.45, k) 
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They show how the variation of Y“ in the mixture is linked to diffusion (term 
p*a¥) and to chemical reaction (term P*). 


3. Continuum Model of the Reactive Fluid 


3.1. Introduction 


Let us consider again, as in §2.1, a fluid system S(t) containing molecules 
distributed in K populations (k = 1, ..., K). We shall now abandon the “dis- 
continuous” model associated with the concept of molecules in favor of a 
continuum model where the mechanical variables appropriate to each com- 
ponent of the fluid describe a continuum and are governed by the laws stated 
in §§1.2—1.5. In other words, for each (k) component present as a mass quan- 
tity p* in a unit volume of the mixture, it is accepted that there exist: 


— a velocity uf (i = 1, 2, 3); 

— a specific internal energy e’; 

— a Cauchy stress tensor a; (i, j = 1, 2, 3); and 
— a heat flux vector qj (j = 1, 2, 3); 


all defined in the same way. Starting from these hypotheses, two notations 
are essential: 


— specific mass (density) of the mixture p = )), p*; and 
— mass fraction of (k) in the mixture Y* = p*/p(>), Y* = 1). 


In the expansions which follow, a further hypothesis is made. It states that 
in every point of ¥ and at every instant, the velocity uj of each (k) component 
is the sum of an average value i, (independent of k) and a variation (dependent 
on k): 


(1.46) 
f=Y Yuk « Py, af =0. 

k 
[N.B. Throughout Section 3 the superscript ~ marks an average quantity 
linked to the decomposition (1.46) of uj.] 

Using the hypothesis (1.46) we shall reexamine the expression of the main 
principles set out in §§1.2—1.4, this time taking into consideration the struc- 
ture S(t) with K components and the possibility of chemical reactions by 
means of the rate of production P* of the (k) component. In this connection 
it is essential to note that chemical reactions simply convert matter from one 
Species into another, without creating or destroying, so that 


y Pk =0. 
k 


Finally, the statement will be simplified by looking only at the case where no 
discontinuity & traverses the reactive fluid. 
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3.2. Mass Balances: As a Whole and by Species 


When following the motion of a material domain D, the mass variation rate 
of species (k) is due only to chemical reactions, with the result that 


a p* v= | Pp DV. 
dt |, 5 


By the theorem on the particle derivative of a volume integral (see §1.2), the 
preceding expression (in the absence of discontinuity across “) becomes 


dp* kok k 
= + (p*u;),,|DV= | P* DY, 
p L ot D 


which, according to the fundamental lemma of §1.3, is itself equivalent to 


k 
op" + (p*uk) , = PX. (1.47, k) 
ot 
We now take into account the splitting (1.46) of the velocity ui, and intro- 


duce the time derivative “following the average flow” 


lad 


d 0 7) 
—=—4%,—. 1.48 
dt at “ax, 1.48) 
Equation (1.47) is then written 
d k 
aie + p*t;, + (p* 07), = PS 
dt ’ 
which reveals a vector p* ij, called the diffusion flux and written 
Mi = p* it. (1.49, k) 
With this notation, the mass balance for species (k) is written 
d k 
—- + phi, ; + ME, = Pt (1.50, k) 


By summing (1.49, k) over k, the diffusion and creation terms disappear. This 
gives the expression 


dp 
me i,, = 0, 1.51 
dt + pu; i ( ) 
which is identical to the first equation (1.22) when u,; and U; are taken to be 
one and the same. 
Equation (1.50, k) can be converted using (1.51), to reveal the mass fraction 
Y*; from which we get 
dy* 
p-_- = P*— Mf, (1.52, k) 


whose resemblance to (1.45, k) will be discussed in Section 4. 
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3.3. Lemma on the Sum of Particle Derivatives 


Let us consider for each species the quantity pg* integrated on domain D, 
when it is moving along. From the reasoning used at the start of §3.2, we have 


q’ KDV= o + (pp*uj) ; 
at | °? PY =| a, PP" + (pp 


We turn our attention below to the sum from 1 over K of these particle 
derivatives 


a 
\, E >, pp* + (>, porut,| DV 


and attempt to transform it, taking into account the splitting (1.46) of the 
velocities. By simply rearranging the derivatives, the above integrand is writ- 
ten first 


é F 
(> os + pa (d, e)+ p> oul) + p> o*ul, + p DY ujos, 


then, by using (1.46), 
d F ; ; - 
(Lo) s + ps (Lot (Loin. +(L ettie.. + (L oA, 
+ p(d, p* HF ;) + pULY P*),. + PCD B05) 


The sum of the Ist, 3rd, and 5th terms is zero from the overall mass balance 


(1.51); the sum of the 2nd and 7th terms is p(d/dt)(>_ @"); the sum of the 4th, 
6th, and 8th terms is (p )) y*ii}) ;. This gives the identity 


dk d 
» at |. pe* DV= |. jos e)+(% port, | DV. (1.53) 


3.4. Balance of Momentum 


By applying the law of dynamics as stated in §1.3 to a reactive fluid with K 
species, at the level of the torque resultants, we have 


5 (S| ot ufDV) = El ohn DS +5. | tot Dy, 


where gi denotes the mass density of the external forces acting on species (k). 

Using Green’s theorem to evaluate the flux which appears in the right- 
hand member, then using the lemma of §3.3 to evaluate the sum of the parti- 
cle derivatives in the left-hand member and, finally, using the fundamental 
lemma of §1.1, the result is 


p= =) (6% , + p*g7). 
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Then splitting u} according to (1.46), and introducing the sum 


f; = >) p*gt (1.54) 
k 
for the preceding equation, we have the form 
dii, ~ km 
Pa = GG py" tay); + fi 


which—beyond the transposition u;<> 0; already mentioned in connection 
with the comparison of (I.22) and (1.51) relating to mass—1is identical to the 
second equation (I.22) on condition that the stress tensor to be taken into 
account 1s 


6, = > of — pY* iti; =) of — oF MF. (1.55) 
k 
For the convenience of the calculations in the following subsection, 6; = 


—> py*atii * should be noted. With the notation (1.55) the balance of mo- 
mentum takes the form 


_ 5 + fj. (1.56) 


3.5. Balance of Energy 


Applying the first law of thermodynamics as stated in §1.4 to the reactive 
fluid with K species gives the scalar equation 


k 
> (5; p¥(ek + juts) DV =)" | c ~ qj)n; DS + \. p*giu; D 
E \dt Jp e k - 


¥ 


where q; denotes the heat flux through species k. 
The left-hand member can be evaluated using the lemma of §3.3 where 
o* = Y*(e* + 4ufut) is chosen. By introducing the proper internal energy 


é=) Y*(e* + Sofi), (1.57) 
and taking (1.46) into account, the two terms which are under the [p sign in 
(1.53) can be transformed 

fy op") = pie + 70;0,), 


5 port) = ( pY*etat) , — (6 ,0,),, + 40, pY*attta} 


Furthermore, after applying Green’s theorem to the vight-hand member, 
the quantity 


» (uray — af); + 2 e*giu: 
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appears under the {, sign and which, transformed by (1.46), is written 
u; » (p*gi + Gis, ;) + » (ojt; j — qj.) + \, [at(p*gi + a) + oft; 
where, in accordance with (1.54) and (1.56), the first term reduces to 
_( di, x 
u; Pot —_ Oij,j . 
As a consequence of these remarks, the energy balance is written 
p— = G,i,,; — = [qf + (e* + 218" 1?)MF],; +) (jad); + Dd e*g Ft}. 


By comparison with the third equation (1.22), it appears that the heat flux 
vector q; to be considered for the mixture is 


4; = >, La} + (e* + 4] a*|?)MF] — & oft. (1.58) 
With this notation, the energy balance equation of the multifluid is 
dé ~ ~ kyk~k 
Pay = Fults, —qG ,+ p> gf Y*i;, (1.59) 


which is completely identifiable with the third equation (1.22) when it is 
accepted that there is a volume rate of heat release 


f= > gi ptt = > gi Mi. (1.60) 


4. Introduction to Reactive Waves 


Subsections 1.1—1.6 led to the following expression of the equations of mo- 
tion of a fluid in the absence of an external field of momenta 


dp 


= QO, 
dt + pu; ;j 
du; 
Pa = Oi; + f;, (1.61) 
de 
Pat = 6;,;U; — q;, j + t, 


which will be referred to as “the standard equations.” 

Let us now consider a reactive fluid with K components subjected to g/ 
fields independent of k (this hypothesis simplifies the expression given below, 
in such a way that it will be easy to account for a posteriori without de- 
tracting from the conclusions in general). 
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Analysis of Section 2, and, in particular, comparison of (1.39), (1.41), and 
(1.43) with the standard equations, makes it possible to identify the kinetic 
significance of the thermodynamic quantities allocated to the average fluid 
with velocity u?. More precisely, they show how the internal mass energy e°, 
the stresses o;;, and the heat flux q? are linked to the averages over the phase 
space which introduce the diffusion velocity if of the (k) type molecule in the 


average fluid 
jay ek 2 k 
| E 
=) y(t +—;), 


a; = —>, p* tidy, (1.62) 
Ja‘)? oe), 
ed ee 


Moreover, analysis of Section 3 and comparison with the standard equations 
show how to construct thermodynamic quantities allocated to the average 
fluid with the velocity 0;, starting both from properties of the components 
considered in isolation and from the diffusion velocity of the (k) component in 
the average fluid 


é=) Y*(e* + 3 |a*|7), 
= > ok — pkakit, (1.63) 
= Day + pX(e* + 3] a*|?)aF — of tf. 
It is interesting to correlate the expressions (I.62) and (1.63) using the possible 
interpretation of e*, of and q* from the molecular model of each fluid 
component (k) taken in isolation. 
If u;* is the velocity which a type (k) molecule possesses in excess (alge- 


braically) in relation to the average velocity 0, which is itself calculated using 
an appropriate distribution function over the phase space, then 


uk=tkK+uk => vk =0. (1.64) 
In accordance with (1.62) written for the isolated species (k) 


ek 
e* = |u|? + a) 
m 


aur, (1.65) 


Tf ii; is now the average excess velocity of the (k) type relative to the “mixture” 
which is assumed to move with velocity i; = ) Yay, then 


ak = of — &,. (1.66) 
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Then the individual velocity (1.64) of a (k) type molecule is written 
uy = u; + if + uy, 
so that, in accordance with (1.62) written this time for the mixture 


(with a* = iF + u*) 


_—_____. 
e=y v*( sit + uk|? 4 “) 

m 
of = —> p*(ak + ul) (ak + u%), (1.67) 


k 
~~ , é ~ / 
q° =) p* (at + ow *\? 4 © eat + u;*). 


After expanding and taking into account (1.65) and u* = 0 according to 
(I.64), these expressions are exactly those of (1.63) subject to if having the 
same meaning, which is the equivalent of assuming that the single velocity uj} 
allotted to the species (k) in Section 3 is the average Uf in the Section 2 sense 
of the isolated k species. | 

This result shows clearly that the difference between the ways in which 
(1.62) and (1.63) are written is due to the nonidentity of the frames where 
diffusion is estimated. In the first analysis, Oj is the diffusion velocity of a type 
(k) molecule in relation to average fluid. In the second analysis, if represents 
the diffusion velocity of the average (k) type molecule in average fluid. [In yet 
other terms, the set (e°, o;;, q?) takes into account the effects of mixture which 
obviously do not appear in the sets (e*, o;;, qi) relative to isolated k fluids, 
with the result that the simple summation of these fluids over k could not 
account for all of the fluxes which occur in the mixture.] It is nevertheless 
clear that the average value of the first 1s equal to the second; this explains the 
identity of the equations of diffusion (1.45, k) and (1.52, k) which are found, 
respectively, in the two models. 

On the subject of these equations, it must be stressed that they make up a 
set of independent K — 1 equations (>) Y* = 1) which, with (1.63), do not 
“close” the system of equations of motion of a mixture even if—and this is a 
very optimistic hypothesis—on the one hand, the relations of state and be- 
havior of each component taken in isolation can be expressed, and on the 
other hand, the diffusion velocities if and the chemical reaction rates P* as a 
function of the variables of average fluid and/or their derivatives can be 
described. In fact, the balance of the equations and unknowns reveals a 
deficit in (2K — 1) equations which is frequently, but not always justifiably, 
made good by the addition of: 


e (K — 1) equations of thermal equilibrium T' = - = T* = - = TX = T; and 

e K equations of ideal state of the mixture (the chemical potential of the k 
component in the mixture is equal to that which it would have in isolation 
in the same conditions of p pressure and T temperature). 
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These indications of the difficulty of the general problem of reactive fluid 
flows give some measure of the interest which attaches to particular methods 
adapted to current situations, where the chemical reactivity and/or diffusion 
is sensitive only in a restricted zone of flow. The chemical reactions which are 
“propagated by waves” are the subject of the following chapters. 


CHAPTER II 


Jump Relations in a Perfect Fluid 


1. Properties of the Hugoniot Curve (h) 


1.1. Introduction 


To say that a perfect fluid is the seat of a shock wave is to say that it un- 
dergoes a discontinuous change in state which does not change its chemical 
identity (no new type of molecule is created), with the result that two scalar 
variables are sufficient to describe it throughout the flow. It is in these condi- 
tions, and assuming that the index 1 state is fixed, that we shall study the 
curve (h) called the Hugoniot curve (see [25]) defined as 


€> — &; = 3(P; + Pz) (v1 — v2). (II.1) 
At every point of (h), according to (1.30), the quantities 
_ 1/2 
Y (P= Pr) (11.2) 
VU; — v2 
_ 1/2 
on( PAP)”, (11.3) 
V1 — V2 


are, respectively, the normal velocities w, and w, for a suitable orientation of 
the normal to the discontinuity surface. 

Among states 1 and 2, the one with weaker entropy is called upstream 
state; the other one is called downstream state; according to (I.26b) the up- 
stream state is on the negative side of the normal, the downstream state is on 
the positive side, for the orientation chosen above. Throughout this century, 
two contradictory interpretations of the words upstream and downstream 
have been in circulation. One, in Jouguet [27], is based on a spatial image 
(shock, like water in a river, moves from upstream to downstream); the other, 
in Germain [21], for example, is based on a temporal image (in a given place, 
upstream and downstream are, respectively, before and after the passage of 
shock). This is why a definition independent of any reference to motion is 
preferred here. 


27 
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The study of (h) for an arbitrary equation of state was carried out by Bethe 
in 1942 [4]. The main results are set out below. 


1.2. General Properties of (h) 


(a) Let us consider the transformation which would bring about the change 
from the state (v,, p,) € (h) to the state (v, + dv,, p, + dp.) € (h). The laws of 
thermodynamics and (II.1) and (II.2) allow the description 
de, = 3(¥, — v2) dp2 — 3(p1 + P2) doy, 
gdW1 _ Pz, a (11.4) 
Wi P2— Pi U1 — V2 
de, = —Pp»2 dv, + T, ds,. 
Eliminating dv,, dp,, v,, and p, from (II.2), (II.3), and (II.4) leads to 
d 
T, ds, = (w, — w,?—, (II.5) 
Wi 


which shows that, along (h), s, is an increasing monotonic function of w,. 
(b) Let us consider a state 2 adjacent to state 1 and defined by 


V>, =v, + Ap, Sp = 8, + As. 


Taking p, and e, as functions of s, and v,, gives 


Pit Po _ 1 (op 1 (0*p 24... 
5 =p +5(2) ao+3 (SP (Av)? +o (11.6) 
Oe 1 (de 
e> a= (5 ja +3(8 5) (Av)? 
1 (d%e Ge 
_f _ A 3... —|1A cee Il. 
+i(SS) v) + (%), s+ (II.7) 


Taking into account identities p = — de/dv(v, s) and T = de/@s (II.7) can be 
written 


_ 1/0 1 (0? A 
1 1 


Vi — v2 6 \ dv? Av 


Putting (II.6) and (I1.8) together with the Hugoniot relation given in (II.1) 
gives 


1 2 
T, As = —-~ oP (Av)? + 0(Av)°, (1.9) 
| Ov* }, 

from which it follows that: 


e (h) and the isentrope of state 1 have a contact of order 3 at the point 
(v,, 51); and 
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@ W, is equal to the speed of sound a, at point (v,, s;). 


(c) From properties (a) and (b) above, there derives immediately the funda- 
mental law: 


e upstream, the normal velocity is greater than the speed of sound; and 

e downstream, the normal velocity is less than the speed of sound. 
In fact, imagine moving along the curve (h) from point (v,, s,) in the direc- 
tion of the increasing entropies. Compared with these states s > s,, the state 
(v,, 5,) is necessarily the upstream state, and the velocity w, is the normal 
upstream velocity. This velocity—which takes the value a, when s = s, + 0 
according to (b) above—increases when s grows from s, according to (a) 
above. From this, the first part of the conclusion is reached; the second part 


is reached in a similar way by moving along (h) in the direction of the de- 
creasing entropies. 


1.3. Properties if (07p/dv7)(v, s) > 0 and v(dp/de)(v, e) > —2 


Provided that the fluid satisfies the above thermodynamic inequalities, Bethe 
demonstrated (see [4]) that (h) is a continuous curve v(s) in the plane (v, s) 
(see Fig. II.1): 


— defined for every value of s greater than or equal to a value § < s,; 
— so that 0 = v(S) > 0,; 
— so that v(+0o) = v,/4; and 


0 v,/4 v, v v 


Figure ITI.1. Projection of the Hugoniot curve (h) on the plane (y, s). 
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— finally, so that: 


a single value of s less than s, corresponds to v € [v,, 0]; 
2n + 1(n = 0) values of s greater than s, correspond to v € [v,,4, v, ]; and 
2n + 2 (n = 0) values of s greater than s, correspond to v < v,/4. 


In particular, these results show that a state of (h) with an entropy greater 
than s, is necessarily of a lesser mass volume that v,, which can be expressed 


The downstream state is more dense than the upstream state. 


None of these conclusions holds if one or other of the inequalities 


2 


0 
a7, )>0 (2) 
(II.10) 
» Py, ey> —2 (B2) 
de” _ 
is not satisfied for s > §, v < 6. A complete examination of these conditions is 
difficult. It is, nonetheless, possible to give the following simple results: 


(a) Equation (II.10) is satisfied by an ideal gas with constant y since 


e2 2 
s7 3) = 9 + NE >0, 
v v 


op 
va we =? — 1>0. 


(b) The speed of sound undergoes a positive jump when an isentropic dilata- 
tion (v 7, s= constant) crosses a line Y of phase-change of the fluid, 
moving from the two-phase region to the single phase region; at such a 
point of # this gives (see [4] and the diagram shown.) 

0*p 
Bz S) = —8 


and condition (B.1) is not satisfied. 


2 phase 
phases 


7 
a 
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(c) the Griineisen coefficient v(dp/de)(v, e) is of the same sign as the dilatation 
coefficient at constant pressure because of the thermodynamic identity 


Op VCy—C,| Ov 1 
_* —— PO I IT.11 
” Be (v, &) T «, EB (P, } ° (1.11) 


reached from the identities (i.9), (i.3), and (i.2) of Appendix A. Thus condi- 
tion (B.2) will hold except in a region where the fluid contracts when T 
increases (e.g., H,O between 0° and 4° C at normal pressure). 


1.4. Properties if, in Addition, (Op/dv) (v, e) < 0 


If it is accepted that the fluid responds not only to the inequalities (B.1) and 
(B.2), but also to 


P wy e)<0O (B.3), (II.12) 
Ov 


it can be shown that (see [4]) along (h): 


(a) eis an increasing monotonic function of s € [S, +00]; 
(b) p is an increasing monotonic function of s € [s,, +00]; and 
(c) p remains less than p, for s < sy. 


Using the above reasoning for the mass volume, it can be seen that 


Pressure in the downstream state is greater than in the upstream state. 


As with conditions (B.1) and (B.2), a complete examination of condition 
(B.3) is difficult. Any mention here is limited to pointing out that it is satisfied 
by an ideal gas with constant y since 


—(v,e) = —— <0. (II.13) 


1.5. Conclusion 


Assume that the upstream state is given as well as the normal upstream 
velocity—which is necessarily greater than the upstream sound velocity. 
Now consider the downstream entropy; because it is linked to the normal 
upstream velocity by an increasing monotonic relation owing to the result 
demonstrated in §1.2(a), it is unambiguously determined by the initial data. 
Mass volume downstream is also determined according to §1.3; as are pres- 
sure and internal mass energy downstream according to §1.4. This gives the 
law: 


If the three conditions (B.1), (B.2), and (B.3) are satisfied, giving the upstream state 
and the normal upstream velocity determines the downstream state unambiguously. 
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Figure II.2. Projection of the Hugoniot (h) on the plane (v, p). 


Taking account of the geometric interpretation which the relation (II.2) 
makes possible for the normal upstream velocity, this gives the equivalent 
expression: 


The straight line of the plane (v, p) starting from (v,, p,) with slope 


—(p,W,)* which is called the Rayleigh line [33], cuts the projection of 
(h) on the plane (v, p) at only one point. 


Figure II.2 illustrates the behavior of (h) in the plane (v, p) under Bethe’s 
conditions. Since it will be required later in §3.1, we note that the tangent at 
(v,, p,) for the projection of (h) in the plane (v, p), in relation to this projec- 
tion, will be found on the side opposite the point (v = v,, p = +00). 


2. Properties of the Crussard Curve (H) 


2.1. Introduction 


To say that a perfect fluid is the seat of a reactive wave is to say that it 
undergoes a discontinuous change in its physical state and its chemical iden- 
tity (new molecules appear), with the result that two scalar variables are no 
longer sufficient to describe it throughout the flow. A priori we might think 
of introducing, besides the two-dimensional vector q which describes the 
physical state, the A-dimensional vector N which represents the concentra- 
tions of the A chemical species present throughout the flow. However, in the 
case where it is supposed that the wave separates a medium of composition 
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N, called upstream and a medium in chemical equilibrium M(q) called down- 
stream, the representation of the fluid can be simplified by generalizing Von 
Neumann’s notion of degree of chemical evolution, or, more precisely, by 
supposing that there exists a variable of state m such that 


N=N, + m[NQq) — No). 


In this hypothesis, the reactive wave represents a discontinuity of (q, m), with 
m being equal to 0 on the upstream side and 1 on the downstream side, and 
the domain m = 0 decreasing with time. 

Let (Z) be the surface of the chemical equilibrium states of the reaction 
products of a reactive substance. The Crussard curve (H) of this substance is 
the curve defined on (Y) by the equation (see [14]) 


H = e — eg — 3(P + Po) (V9 — v) = O, (11.14) 


where the index 0 refers to the reactive substance itself, whilst the state with 
no index refers to the reaction products. At every point of (H), the quantities 
M, wo, and w are defined by 


M = pow, = pw=_ [Pb Po (11.15) 
Vo — Vv 


for anormal N to). oriented from the upstream to the downstream state. 

The detonation arc of (H) is the arc (H,) where p > py, and M is real, 
therefore, where v < v,; the deflagration arc is the arc (H_) where p < py, and 
M is real, therefore, where v > vo. 

We shall study (H), assuming, as Hayes implicitly assumed (see [23], p. 
433), that the reaction products confirm 


2 


0 

sor s)>0, (a) 

Poo e)>0, (bb (11.16) 
a 

= (e, e)<0. (c) 


2.2. Differential Relations on (H) 


Let us consider an elementary transformation of the reaction products along 
(H). In accordance with (1.23), (11.14), and (II.15), we can write 


de = —pdv+T ds, 
de = 3(¥9 — v) dp — 3(p + Po) dv, (11.17) 


dM dp dv 
2—_ = . 
M P—Po VUo—B 


Through appropriate eliminations, and using the equations (I1.15) judiciously, 
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from (II.17) two differential relations can be deduced 

ds (W—Wo)’dM , 

ae ney M2 11.18 

dp M dv 2(Vo ye + ( ) 
Moreover, by considering the pressure p as a function of v and s, and by using 
the thermodynamic identities (e.2), (i.11), and (i.14) in Appendix A, it can be 


shown that the first two equations (II.17) bring about another useful relation 
in the two forms given below. 


1 Po 
dp = 1-3(1-%) +2 Fe. 


=- By Ss) ; 
dv 1 
1+3( -**)6 (11.19) 


Por 3) + M? = (SP ma)}1 +5 / =e]. (b) 


2.3. Chapman—Jouguet Points on (H) 


A Chapman—Jouguet point is the name given to every point such that (see 
[8], [27]) 
WwW = 4, (11.20) 


which, according to the definition (II.15) of M?, is equivalent to 
6) 
M2 + = (e, s) = 0. (IT.21) 


A Chapman-—Jouguet (in short C-—J) point possesses many properties of 
which one possible presentation is the following: 


(i) According to (II.19b), a C—J point is a point of (H) where 


dp = Po, s) = _P—Po 


< 0, (11.22) 
dv V — Uo 


from which it emerges notably that the C—J points of (H) can be defined 
in the plane (v, p) as the points of contact of the tangents starting from 
(Vp, Po) to the projection of (H). 

(ii) According to (II.18), a C—J point is a point of (H) where s and M are both 
maximum or both minimum. 

(iii) At a C—J point, differentiating (II.18) and (II.19b) along (H), taking into 
account (I].22) and the extremum properties of M and s, yields 


d?s (w —w,)? d2M Zp, ap? 
TT = or = 2% - ”) a2 = 9(¥9 — v) —__—__- 


(11.23) 
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(iv) Using the inequality (II.16c) in (II.19a), and then the inequality (II.16a) in 
(11.23), it can be demonstrated successively that a C—J detonation con- 
firms 


1 +3(1 -"*\G>o, (a) 
2 v 
(11.24) 


2.4. Hugoniot Curves over (2) 


Subsequent expansions show the usefulness of introducing the Hugoniot 
curve (h?) of a point D € (9) defined by 


h? = e — ep — 3(P + Pp) (vp — v) = 9, (11.25) 
and the curve R? defined on (Y) by 
RP =P— Ppt pu?(vp — v) = 0, u>O0, (11.26) 


which is projected on the plane (v, p) according to Rayleigh’s line at the point 
D for the upstream normal relative velocity w, = u/pp. 

Let us apply the conclusion of §1.5 to (h”) and (R?): (h?) intersects (R?), at 
most, once, at a distinct point D’ or coincidental with D according to the 
modes in Table II.1. 

In particular, when yu — oo, the point D’ tends toward the point at infinity 
(v = vp/4 — 0, p = +00). 


Table II.1. Sections (1)—(4) refer to Figure II.3. 


Point D’ exists and confirms 
(s, Pp, é, P)p: > (s, P, é, P)p; UL < (pa)p: 


Point D’ coincides with D 


Point D’ exists and confirms 
(s, ps é, P)p: < (s, P, é, P)p; U > (pa)p: 


Point D’ does not exist 


2.5. Point at Infinity 


It is convenient to exclude immediately the case with no physical significance 
where the reaction products, taken in the conditions (v9, po), would have the 
same specific internal energy as the initial substance; from now on, then, with 
A designating the point of (2) defined by v, = vp and pa = Po, it is supposed 
that 

en — yp #0, (11.27) 


which is the equivalent of saying that A does not belong to (H). 
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Figure II.3. The four possible configurations for the intersection, on surface J, of the 
Hugoniot curve (h”) and the (R?) curve, projected on the plane (v, p). 


Let us consider the current point a of (h“) and its analytic power H(a) with 
respect to (H). The equations of (H) and (h*) lead to the expression 
H(a) = eg — @o. (11.28) 


Let us consider point B of (H) where v = vg, the current point b of (h®), and 
its analytic power H(b) with respect to (H). The equations of (H) and (h®) 
lead to the expression 


H(b) = 3(Pp — Po) (V0 — 2%). (11.29) 
Notice that condition (II.16b) implies that point B confirms 
(Pp — Po) (ea — 20) < 9. (11.30) 


Relations (II.28), (11.29), and (II.30) make it possible to specify the detonation 
arc (H_,). In fact, for v < vg, H(b) is the same sign as pg — po, H(a) is the same 
sign as e€, — €o, and these two quantities are of opposite sign. Therefore (H,,) 
is included between (h“) and (h®). In particular, (H,) goes through the point 
(v = v9/4 — 0, p = +00) (See Fig. II.4). 
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Figure II.4. The possible configurations for the intersection, on surface Y, of the 
Crussard curve (H = H, U H_)and the “Rayleigh line” (R?) projected on plane (1, p). 
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2.6. Intersection of (H) and (R°) 
Let us consider first of all any point D of (H). By eliminating e and e, between 
H = e — €y — 3(P + Po) (Vo — 9), 
h? = e — ep — 3(P + Pp) (Up — 2), 
0 = ep — €y — 3(Pp + Po) (Vo — Up); 


we obtain the relation 


HAP = Hey —vp)(PP—PP_P Pe), 31) 
Vo —Up Ug—v 
Let us now consider the curve (R?) defined on (2) by 

RP =p— pot L’(v — v9) = 0, u>Oo, 


whose projection on plane (v, p) is the straight line starting from point (v9, po) 
with slope — py. Let us assume that the intersection of (H) and (R?) is non- 
empty and Ds the point with lowest density in the intersection; D is neces- 
sarily distinct from A, from the preliminary statement in §2.5. 

Then the relation (II.31) shows that the intersection of (H) and (R2) is 
identical to that of (h”) and (R?) which is none other than that of (h?) and 
(R?). Now (see §2.4), the latter contains, in addition to D, only one point D’ 
at the most, according to the modes in Table II.1, where the parameter p is 
interpreted by using (II.15), and the “alignment” of points A, D, and D’ by 


Le = (PW)p = (pW)p:. (11.32) 


It follows from this that the intersection of (H) and (R?) belongs to one of the 
following four cases: 


(i) H A(RQ) contains, in addition to D, a point D’ distinct from D. 


Thus, in view of the definition of D, we have necessarily pp > pp, Wp > Aap, 
so also (s, Pp, ©, P)p: > (s, Pp, ©, DP), Wp: < 4p.. 


(ii) (H) 7 (RQ) is composed of two points coincident in D. 
So we have necessarily Wp = ap; point D is a C—J point. 
(iii) (H) A (RQ) contains no point other than D. 

So we have necessarily wp < ap. 

(iv) (H) 7 (R2) does not contain any point. 


The results of this discussion are illustrated schematically in Figure II.4, 
where the cases e, — €) > 0 and e, — eg < 0 were differentiated. In both 
cases, it emerges from the discussion that the points of intersection (v9, ps) 
and C(v,/4 — 0, +00) of (H) and (R?) for w = +00 are such that 


W,/az > 1, Wc /ac < 1. (11.33) 
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3. Considerations Specific to Detonations 


The above study of the properties of the Crussard curve has not yet brought 
out the essential difference between deflagrations and detonations. However, 
experimental evidence strongly suggests that separate mechanisms govern 
the two types of propagation and suggests that they be examined separately. 
That is why we are concerned in what follows to specify the detonation arc 
(H_,); in particular, we examine the existence and uniqueness of the (C—J) 
detonation and the role which it may play in the interpretation of observed 
detonations. 


3.1. Properties of the Detonation Arc (H, ) 
Intersection Points of (H) and (R?) 


The intersection points of (H) and (R?) can be defined by the solutions in v(p), 
p() of the system 


H 


€ — €y — 3(P + Po) (Vo — v) = 9, 


; (11.34) 
RE =P— Pot HL (v — vo) = 9, p> 0. 


Using the identities (j.2), (j.3), and (j.5) in Appendix A, it is shown that every 


point of (R?) confirms 

D(R°,H) 4 a? 

—_*_" = y* —(1—— }. 11.35 
Dep "GU w an) 


Let us consider the solution (0(y), p()) of (11.34) which tends towards 
C(v,/4 — 0, +00) when p decreases from +00, and let N be the correspond- 
ing point on (H). When p decreases from +00, the point N, which is situated 
on (R2) but cannot be identical to A since e, — ey # 0, remains in the domain 
(v < vo, p = Po) and therefore on (H,). Moreover, according to (11.35), the 
arc (H,) described by N can: 


A 


—— either remain defined for p € [0, +00] if A(N) itself remains strictly nega- 
tive over this interval; _ 

— or cease to be so defined if A(N) is nullified for » = fi and stops at a C—J 
point. 


In other words, a necessary and sufficient condition of existence of at least 
one C—J detonation is that (H,) should have no point such that p = po. 
The intersection of (H) and p = pg 1s defined by 


f(v) = e(v, Po> 1) _ e(Uo, Po; 0) _ Polvo ~ v) = 0. 
According to the identity (j.3) of Appendix A, we have 


de | CyCy O 
My) =a Po> + po=|T, e C = (e, ée, | 


pv P=Po 


40 II. Jump Relations in a Perfect Fluid 


According to (II.16b), f’(v) is positive with the result that the maximum of f(v) 
in the band v < tg is f(vg) = e4 — @9. Consequently, in order that at least one 
C-J detonation should exist, it is necessary and sufficient that e, — ey < 0, 
that is to say 


e(Vo, Po> 1) < e(Uo, Po> Q). (II.36) 
From this point on, we operate in the context of the conditions of inequality 
(11.36). 
Uniqueness of the C-J Detonation 


According to (II.30) and (11.36) point B belongs to (H,). Let us consider the 
solution (v(), p(4)) of (I-34) which tends towards (v9, pg) when wp > +00; let 


Strong detonation 


C-—J detonation 
Weak detonation 


H 


PaL----.--.--~4----~-~--~-- ~-tZl2__223 


Figure II.5. Positive of the detonation arc (H.,) of the Crussard curve projected on 
plane (v, p) in the case e, < @p. 
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N be the corresponding point on (H). When pu decreases from +00, point N, 
which is situated on (R?) but cannot be identical to A since e, — €y < 0, 
remains in the domain (v < v9, p => po) and so on (H,,). The arc (H,,) which 
it describes cannot, according to §3.1(a), end at p = po. So it ends at a C-J 
point for a value yu of uw. The two cases wp < fiand uw > “both being incompat- 
ible with the results of the discussion in Section 2, we conclude p = Zi. In 
other words, the arcs (H,) and (H,) come together at a point J of C-J 
detonation for a value py, of pu. 

Let us suppose that there exists a point N, of (H.) which belongs to 
neither (H,) nor (H,). According to the discussion in §2.6, the corresponding 
value py, of u would necessarily be strictly less than yw, and the solution of 
(11.34), which goes through N,, would cease to exist at a C—J point for p = 
Ug € |My, Hy. This C-J point would necessarily be such that d*p/dv? <0, 
which is impossible according to (II.24b). 

Consequently, [H,] is the union of (H,) and (H,) and point J is the only 
C-—J detonation point. 

From what goes before, it can also be held that w <a on the arc [CJ] 
(strong detonations), and w > a on the arc [BJ] (weak detonations). 

Finally, «, being the smallest value of yw for which (R?) cuts (H,), and also 
therefore the smallest value of M on (H.,), it can be concluded that the value 
D,, of Wo to which it corresponds by (II.15) is the smallest value which wo can 
have on (H,,). 


Sufficient Condition for All Detonations To Be Supersonic 
Let us go back to the notations of §2.4 and §2.6 
h*(D) = ep — ea — (Pa + Pp) (Vo — Up), 
where by definition of D 
0 = ep — &9 — 3(Pp + Po) (Yo — Up), 
from which | 
hA(D) = eg — eg, > O. 


Furthermore, let us consider the straight line (R?; 4 = ppa,) and its current 
point R. According to the final remark of §1.5, we have 


hA(R) < 0. 


By comparing the above inequalities, it can be concluded that (H) and 
(R23 4 = Poa) share no common point. Therefore pya, < Ly, OF, 


a(v9, Po, 1) < Dy. (11.37) 


The condition 


(Vo, Po» 1) > a(Uo, Po; 9) (11.38) 
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is therefore sufficient for D, to be greater than the velocity of sound 
A(UVo, Po, 9) in the initial reactive substance, and also for every detonation to 
be supersonic relative to the upstream state. 

The inequality (II.38) is interesting in that it draws attention to the eventu- 
ality of a nonsupersonic detonation in an environment having a fairly high 
velocity a(v9, Po, 0). However, we shall ignore this type of propagation, and 
from now on consider only detonation in explosives, defined as substances 
capable of decomposing in accordance with the inequalities (II.36) and 
(11.38). 


3.2. Jouguet’s Conjecture 


Apart from some slight differences, the theory which has just been mentioned 
is that which Jouguet developed—to a much lower level of generality—over 
sixty years ago. He used it to interpret the experimental results of the time 
and concluded by considering as plausible (see [7], p. 327) that all detona- 
tions at constant velocity are represented by the point J of (H,): this is the 
so-called “Chapman—Jouguet (C—J) condition.” 

But as the accuracy of measurements has increased greatly since the begin- 
ning of the century, what might have appeared to Jouguet to be a difference 
due to experimental error today appears to contradict his conjecture. 
Furthermore, the field of investigation has been extended to detonations of 
nonconstant velocity, so giving an additional dimension to the problem of 
interpreting observed detonations. 

A survey of current experimental results is given below, followed by some 
elements which introduce Chapter III. 


3.3. Current Experimental Results 


Figure II.6 recapitulates certain of the results presented in [5]. For the gas- 
eous mixture C,H, + 50,, liquid commercial nitromethane, and a solid 
cyclonite (RDX)-based composition called F.209, respectively, they give the 
measured value of the detonation velocity D as a function of a geometric 
parameter whose significance varies according to the propagation geometry. 
This parameter is: 


e the hydraulic diameter d of the tube or cartridge for the propagations 
called plane (2 ~ plane surface); and 


e the radius X of the wave for propagations called spherical (2 ~ spherical 
surface). 


Only three observations are made here on these results: 


e the velocity D? of the plane waves can be approximated by a linear relation 
in 1/d of the form 


D? = DP (1 _ ‘). a>0, (11.38’) 


O (m/s) 


COMMERCIAL 
NITROME THANE 


Pos 1,720 g/cm 


| O (m/s) 


Figure II.6. Plane ® and spherical© detonation velocities D in the stoichiometric 
propane—oxygen mixture (gas), in commercial nitromethane (liquid) and in the 
cyclonite (RDX)-based composition F.209 (solid). 
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where a is a length whose value depends on both the reactive medium and 
the adjacent medium; 

e the velocity D* of the spherical waves tends toward a limit DS, by non- 
inferior values when the inverse of the radius tends toward zero; and 

e for each of the media considered, the measured values are distributed over 
an interval about ten times greater than that which would result simply 
from experimental spread (0.2%). 


Figure II.7 recapitulates certain of the results presented in [13] for two 
experiments on convergent spherical detonation in a solid cyclonite (RDX)- 
based composition such that D®, = 8765 m/s. It gives the measured value of 
the detonation velocity as a function of the wave radius: a montonic increase 
from a value close to D®, up to values close to 1.3D®, is observed. 

The two sets of results given above obviously show that the various ob- 
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Figure II.7. Velocity D of convergent spherical detonation in a cyclonite (RDX)- 
based solid explosive (D®, = 8765 m/s) as a function of the radius X of the wave. 
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served detonations are too diverse to be represented by the single point J on 
the arc (H,,). 


3.4. Interpretation of Observed Detonations 


What can we do to be more specific about the description of phenomena if 
we are not prepared to make do with the Chapman—Jouguet hypothesis? The 
question is not new. Attempts were made from 1945 to 1950 to account for 
the variation of D as a function of 1/d and the existence of values less than 
the extrapolated limiting value D®,. Although they were led to a paradox 
insofar as D, is the lowest possible velocity on (H_,) (see §2.1), many authors 
had no hesitation in identifying D®, with the C—J velocity in (I1.38’). In doing 
this, they abandoned— although still not consistently—considering as satis- 
factory a model where physical and chemical conversions are reduced to a 
discontinuity. 

A decisive advance consists of adapting for detonations the perturbation 
method applied to shocks by Weyl] [37], then by Germain and Guiraud [22]. 
The account of this method and its results constitute the subject matter of the 
following chapter which restates and extends the principal idea presented by 
the author in [19], [20], and [21]. 


4. Particular Case of a Polytropic Fluid 


4.1. Definition and General Properties 


The pressure of a fluid as the partial derivative of the mass density e(v, s) of 
internal energy in relation to the mass volume v was introduced above. Phys- 
ical analysis of the law of state e(v,s) leads, according to the domain of 
variation of v and s considered, to different models; the polytropic model 
consists of supposing a “factorization” of the form 


e(0, 8) = = pe (11.39) 


_—1.? 
where 7 is a constant greater than 1, which ensures zero energy in infinite 
dilutions. In fact, by integration on v, it can be deduced at once that 


A - 
e(v, s) =~ ) pi-F, (11.40) 
which makes it possible to give p the form 
p(v, s) = A(s): v7”. (11.41) 


This definition calls for some important observations: 


(i) Taking account of the well-known definitions of the speed of sound, a? = 
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(Op/ep)(p, s) and of the mass enthalpy h = e + pv, we have 
a” = pv, 
h = - 2 | (11.42) 
y—1 


(ii) The entropy s depends only on the product pv’, with the result that the 
isentropes are in the form pv’ =constant and the coefficient T = 
— 0 log p/d log v(v, s) equals 7. 


Certain of the expressions indicated recall the well-known properties of 
an ideal gas with constant y. In fact, the latter is a particular polytropic fluid 
where 


the temperature T is proportional to the product pv by 
the factor m/k (k is the Boltzmann constant and m the (II.43) 
mass of a molecule of the fluid), 


therefore, where 


e ¥ =y according to the relation (i.8) in Appendix A; and 
e dlog A/ds = (y — 1)/(k/m) by virtue of the definition (1.23) of T and the 
relations (II.40), (11.41), and (II.43). 


4.2. Shock: Pressure and Mass Volume Jumps 


For a polytropic fluid which would keep the same value of j on either side 
of a shock, the last equation (1.30) is written 


(P20: — P11) = (Py + P2)(Y1 — V2). (II.44) 
This equation is a second-degree equation homogeneous in p; and 1; (i = 1, 2), 
and has an obvious solution p, = p, and v, = v,. Considering the state 1 as 
given (so also Mt, = (a7/w?)), we shall attempt to find a nontrivial solution in 
p, and v, of the system formed by the relation (II.44) and the first relation 
(1.30) which is recalled below 


2 2P2—P1 
vj ——_. 


Wi — (11.45) 
Vy; — U2 


To do this, the following relative variations are introduced systematically: 


5p = P2— Pa a i 
Pi Vy 


as well as the expression of Jt, where account is taken of (II.42) 


N= Jp,v,/wy. 
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The system considered takes the form 


27 


= ~1 
op 5 4 p 1), 
; (11.46) 


The expressions (II.46) are simple and convenient; they should however be 
handled with care, insofar as they have only a local indicative value, like the 
polytropic approximation itself. Another point is worth stressing: to reach a 
conclusion on the relative temperature jump oT, a supplementary hypothesis 
on the function A(s) would have to be added to the base equation (II.40) of 
the model since, according to (I.23) and (II.40), the temperature equals 


1 dA 
~5—1 ds" 


1-¥ 


4.3. Shock: Normal Velocity Jump and Deflection 


In the form (1.29), jump relations lend themselves to the introduction of the 
specific enthalpy h, for and on behalf of the internal specific energy e. This 
gives 

[ew] =0, 


pu _ 
E r “| ~° (11.47) 


w2 


Using the expression (II.42) of h and pv as a function of the square a” of the 
speed of sound, the last two relations are written 


Y 

a2 
E +w?| =o 

y—1 


The result of the calculations shows that it is worth putting the value com- 


(11.48) 
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mon to 2a/(¥ — 1) + w? on either side of the shock in the form 


2a? » +1, 
5_1°™ ~52ae* 


(11.49) 


[N.B. a, is the common value which a and w would have if they were equal; 
in the case of permanent irrotational isentropic flow, there exists a simple 
interpretation of a, which is without importance here.] So the term inside 
brackets of the first equation (II.48) is written 


2 ~ 1 2 
= twe + (** + 7} (11.50) 


From this is can be deduced that w, and w, are linked by 
a2 a2 
+ wy = — + W2 (= 9), 
Wi W2 
therefore solutions of the second degree equation 
— Qw +azZ =0 
with the result that their product equals a?. The relation 
W,W, =a? (11.51) 


is called the Prandtl relation; besides the appeal of simplicity, it has the 
advantage of allowing a simple geometric discussion of the variation of the 
deflection 6 = (W,, W,) of the relative velocity vector as a function of 


the orientation of the surface & with regard to the flow; this orientation is 
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referred to by the angle 
Tt —_~ > 
y= D) _ (N, W, ), 


which is complementary to the angle which W, makes with the normal N in 
P to 2 oriented in such a way that (N, W,) is acute, i.e., w, > 0; itis clear that 
n is always positive, the value /2 corresponding to a nil “incidence.” 

From P, let us draw the vectors PP, = =W, and PP, = W,. By virtue of 
the continuity of the tangential component of the relative velocity-vector (see 
(I.29)), the points P, and P, have a common projection H in the tangent 
plane at P to &; the point H is therefore on the circle with diameter PP, 
drawn in the plane PP, P,. Calculated algebraically 


along N, the distance P, P, equals w, — w, which is evaluated using the 
Prandtl equation (II.51) and the definition of a, (II.49) 


—_—___ a2 2 a2 
P,P, =w,—-w, =— —w, = - (w-*) 
Wi y+ 1 1 


If the point K is considered homologous to H in the inversion of center P, 
and of strength aj (which transforms the circle into a straight line), then P, P, 
is written 


P, P, = 


a 2 _—— 

= KP,) = ——— HK. 
J+1 y+1 

When the shock is normal (nil incidence, 7 = x/2), the point H is in P, 
point P, is in P} such that PP} = a2/|W,|, and point K is in K" so that 
P, K" = aj/|W,|. 

When the shock is at an angle with the flow, the angle 7 decreases, point 
H describes the arc PK®, point K describes the segment of the straight line 
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K"K°, and point P, describes a strophoid arc P3 P, whose tangent at P, is the 
straight line P, K°. 

The result of this geometrical discussion, and the observation P, K° = a,, 
is the basic physical conclusions: 


When the shock bends over the flow: 
e the normal velocity jump decreases until it is zero for a limiting angle 


n° = Arc sin wi (11.52) 
1 


e the deflection increases from zero, reaches a maximum, then de- 
creases to zero when n reaches 7°. 


A more general study would show that, contrary to the relations (II.46), 
the conclusion (II.52) has a domain of validity which greatly exceeds that of 
the polytropic approximation. 


5. Some Mathematical Aspects 


This section was kindly contributed by Luc Tartar. 


5.1. Introduction 


The numerous, and in many ways admirable, properties of the jump relations 
studied in this chapter depend on a simple physical model: perfect fluid in 
motion in the absence of a field of moments. For the reader who is not 
deterred by the language of mathematics, it is of some relevance to give those 
elements which, in this model, are essential to the birth of jumps (shocks, 
detonations, etc.) and their propagation. To do this, it is necessary to return 
to the laws of conservation (I.26a) reproduced below, explaining the particle 
derivatives 


Ov 

— + u,v; — vu; ; = 0, 

Ot 

ou; ; 

at + uu, ,;+ p= fi, ‘= 1, 2, 3, 
Os 
Zz + u;sS i 0. 
ot 


For the mathematician, this system is quasi linear, in that: 


— the derivatives of the unknowns (v, u,, s) occur in a linear fashion; and 
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— the coefficients which modify the derivatives are not constant, but depend 
on at least one of the unknowns. 


This nonlinear structure gives the system properties which can be linked, 
at least qualitatively, to those of the jumps seen above by considering the 
simplest case, that of the quasi-linear equation 

oU oU 

a t a(U) an 0, (11.53) 
which concerns the scalar function U(x, t) of a single variable in space x and 
time t. 

Using the characteristic curves (§5.2), it is shown that, even if no disconti- 
nuity is involved in the initial condition U(x, t = 0) = U,(x), after a finite 
time, a discontinuity arises. Since discontinuities are inevitable, (II.53) should 
not be considered in the traditional sense, but in the sense of the distribu- 
tions, so that the search for solutions should itself be extended to discontinu- 
ous U functions: thus the necessity for an expression in a conservative form 
and the notion of a weak solution (§5.3) arise, as well as the nonuniqueness of 
these solutions and the necessity to have selection criteria (§5.4). Finally, we 
give some information in the case of systems (85.5). 


5.2. Characteristic Curves 
When a first-order linear equation of the form 


oU oU 
— + c(x, t) = 


ot 0, 


Ox (11.54) 
U(x, t = 0) = Uo(x), 


is considered, where the functions c and U, are known, the solution U is 
obtained by carrying the initial information, given by Uo, along the charac- 
teristic curves. These curves are defined as follows: the characteristic curve 
(for (II.54)) starting at the point (y, 0) is the solution curve of the differential 
equation 


© x(t = c(x(t), t) with x(t =0)=y. (11.55) 


It is still impossible to give an analytic expression of x(t) but it will be shown 
that if the function c is regular in x this defines a single solution of (II.55), 
which can be approached by using numerical methods. If the derivative of 
U(x(t), t) is calculated, we have 


oU oUd 


d 
qe OO, 0 = B+ 


1 +O dt x(t), 


which equals 0 according to (11.55). 
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From this we can deduce that U(x(t), t) = U,(y) and it can be seen that 
c(x, t) therefore corresponds to a local information transmission speed (this 
phenomenon of information propagation with a finite speed is typical of 
hyperbolic equations). 

For equation (I1.53) it can be seen that the local information transmission 
velocity is c(x, t) = a(U(x, t)) and therefore is not known beforehand since it 
depends on the solution which is sought. Nevertheless, the characteristic 
curve starting at point (y, 0) can be considered 


d 
qe) = a{U[Xx(t), t]} with x(t = 0)=y, (11.56) 
from which can be deduced 
d oU oUd 
which gives 
U(x(t), t) = Uo(y), (11.58) 


which shows that U is constant along the characteristic; x(t) is therefore a 
linear function of t and, consequently, the characteristic curves are straight 
lines. To be more precise about the characteristic starting at point (y, 0) we 
have 


x(t) = y + ta(Up, ” (11.59) 


U(x(t), t) = Uoly). 


It might be thought that, by using this formula, equation (II.53) has been 
clearly solved; this is not the case, for the characteristics starting at two 
distinct points (y, 0) and (z, 0) can meet on the plane (x, t). 

In the case where y is to the left of z with the speed a(U,(y)) greater than 
a(U(z)), the characteristics starting at (y, 0) and (z, 0) meet at the time t(y, z) 
which equals 


_ a(Uo(y)) — a(Uol2)) | 
Z—y 

Unless a(U (y)) is increasing in y it will be impossible to find a consistent 

solution U for every t > 0 using (II.59), for there will of necessity be a conflict 

between two distinct values of U at the intersection of two characteristics. 

The maximum time of validity of the method of characteristics can even be 

deduced from (II.60) and introduces the value Bf given by 


t(y, z) (11.60) 


p= inf : a(U,(y)). (II.61) 


Except if B >0, in which case the method is applicable for every t > 0, 
the critical time t, beyond which the method of characteristics cannot be 
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used 1s 


—1 

= __, II.62 
t. B (11.62) 
For every t strictly less than t, the function g, of y, defined by g,(y) = y + 
a(U,(y))t, is strictly increasing and allows for a reciprocal regular function, 
but when t tends toward t, the derivative of this reciprocal function tends 
toward infinity at certain points. To see this, let us consider the spatial deriv- 

ative of the local information transmission speed 


V(x, t) = < a(U(w t)). (II.63) 
As we have 
O O , oU OU\ _ 
3p aU) + a(U) = a(U) = a’(U) (= + a(U) *) = 0, 


by differentiation with respect to x we obtain 


av ev, 
4+ a(U)— 4+ V2 = 11.64 
ot a(U) Ox 0, ( ) 


which is an equation of evolution of V(x(t), t) along the characteristics 
d 
aq Vx, t) + V7(x(t), t) = 0, (11.65) 


which shows that, on the characteristic starting at y, we have 


V(y, t = 0) 
1+tV(y,t = 0) 


It can be seen that it is the most negative values of V(y, t = 0) which present 
a danger: if there exists a point z where V(y, t = 0) = (0/dy)a(U,) attains its 
minimum, then on the characteristic starting at z and at the critical time t, 
the first derivative of a(U) tends toward —0oo, as does the derivative of the 
reciprocal function of g,(y) at the point z + t,a(Uo(z)). 

Since there is a conflict between the values of Up(y) and U ,(z) at the 
meeting point of the characteristics, the obvious idea is to accept discontinu- 
ous solutions; as V tends toward —oo at the critical time, we expect to have 
to consider only the discontinuities where a(U) decreases when the disconti- 
nuity is crossed in the direction of the increasing x’s. If the orientation of the 
axis of the x’s is changed, then a must be replaced by —a, but the property 
“the velocity of propagation on the side of the negative x’s is greater than the 
velocity of propagation on the side of the positive x’s” remains unchanged; as 
will be seen later (§5.4), this rule will characterize the “acceptable discon- 
tinuities” only in the case where da/dU does not change sign. It should be 
noted that this property is also indifferent to Galilean transformations, be- 


V(x(t), t) = (11.66) 
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cause the same driving velocity is added on both sides; in our example, U can 
be considered as a scalar quantity whose propagation is studied relative to 
matter taken to be at rest. 


5.3. Weak Solutions 


We can speak of discontinuous solutions for equations with partial deriva- 
tives provided that we know how to derive discontinuous functions. Physi- 
cists talk of “Dirac functions” when they have to derive discontinuous 
functions whilst mathematicians consider that these “functions” are in fact 
“measures.” The difference between a function and a measure becomes obvi- 
ous when a distribution of mass, given by a regular density p, is compared to 
a distribution of point masses m,, at the points z,. The value of p(x) at a given 
point x has a meaning because p is a function and the mass contained in an 
open set w can be deduced from it by the integral {,, (x) dx. For every 
continuous function ® we can define the quantity |, (x)®(x) dx, which will be 
written as (p, ®): these quantities make it possible to measure the function 
using the test functions ®. For a measure we know how to define only the 
result on the test functions and not the point value. For the distribution of 
point masses m, at points z,, the corresponding measure will be written 
Va m,0,, and its value over ® will be given by 


(u, ©) = ) m,P(z,). 


The measure 6, is called the Dirac measure or the Dirac mass at point z. To 
give a precise meaning to the idea of proximity between a point distribution 
of mass and a continuous distribution, their values must be calculated on the 
test functions ® and the results compared. The use of these considerations is 
implicit in order to move from a particle model to a continuum model; but, 
in order to establish the conservation equations, it is not enough to describe 
the system by measures; we must also know how to derive them. To do this, 
the theory of distributions is used. A distribution on the real straight line R 
is defined by its values on the test functions ® which are now taken as 
indefinitely derivable and nil outside a finite interval. If S is a distribution 
over R, defined by its values (S, ®) on the test functions ®, its derivative dS/dx 
is the distribution defined by the formula 


dS d® 
(s. 0) =— (s. * for any test function ®. (II.67) 
If the distribution S is linked with a regular function p by the formula (S, ®) = 
J p(x) ®(x) dx, then integration by parts shows that dS/dx is the distribution 
linked to the function dp/dx. Let us apply this definition to the example of a 
discontinuous function w at the point z 


w(x) = w. if x <z, 1168 
dw, if z<x, (IL68) 
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where w_ and w, are constants. To derive this function (in the sense of 
distributions) we use (II.67) which gives 


dw d® z om + 00 o® 
(9) (». 2) [iw 2ax { W+ oy % 


that is, (w, — w_)®(z), which thus reveals a Dirac mass at the point z, written 
0, and defined by 


(6,,®) = D(z) for any continuous function ®. (II.69) 
The derivative of w defined by (II.68) is therefore 
dw 
qk (w, — w_)o,. (11.70) 


It can therefore be seen that the derivative in the sense of distributions of a 
discontinuous function exhibits the jump of the function at each point of 
discontinuity as a coefficient of the Dirac mass at the corresponding point. 

But if we can derive distributions indefinitely by repeating the definition 
(11.67), we cannot multiply them with no restriction. For example, the Dirac 
measure can be multiplied at point z only by continuous functions in z, with 
W(z)d, being the product of the continuous function wy by the Dirac mass 6,,. 
This is the difficulty which we shall now meet for the quasi-linear hyperbolic 
equation (II.53). 

If U is continuous in z, we cannot multiply 0U/éx by a(U) which will 
generally be discontinuous in z: the expression a(U)(0U/0x) should not be 
used for discontinuous U functions. Even if by chance a(U) is continuous in 
Z, we must be wary, as the following “paradox” will show. 

The formula 


ow? OW 

o = BW? 

Ox W Ox 

is valid for regular W functions. Let us now consider the following discontin- 
uous W function 


(11.71) 


—1 ifx<0O, 


+1 if O<x. (I-72) 


W(x) = 
As the function W? is constant, the product 3W?(dW/éx) has a meaning, as 
has 0W°/0x; but the preceding calculation shows that these two results are 
different 


oW> 
Ox 200, 
aw (11.73) 
3W? — = 66 
Ox ° 


Like all paradoxes, this one has its outcome and shows that the usual rule of 
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calculation (II.71) must not be accepted without hypotheses of regularity on 
the W function. From this observation we shall accept that, when working 
with discontinuous functions and their derivatives, formal manipulations are 
a source of error; this can be eliminated by obeying a simple rule: work only 
with written equations 1n a conservative form, i.e., the form 
oU Oa 
at + ay F(U) = 0. (II.74) 
We shall therefore take a primitive of a for F and replace (II.53) by (11.74). We 
are now looking for a solution U which must be a function, we know how to 
calculate F(U) which is another function, and the two derivatives written in 
(11.74) are defined in a similar way to (II.67). More precisely we shall say that 
a function U, possibly discontinuous, is a weak solution (i.e., in the sense of 
distributions) of the problem 
ou + o F(U) = 0, 
ot Ox (11.75) 


U(x, t= 0) = Uo(x), 
if 


Jo (Uae eRe ae) oxar | 
0 = U— + F(U)— } dx dt + | Up(x)®(x, t = 0) dx (11.76) 
JR JO ot Ox R 

for every test function ®, regular in (x, t) and null outside a finite set. 

Once the discontinuous functions in the sense of formula (II.76) are 
accepted, we shall see which conditions are imposed on the values of the 
solution on each side of the discontinuity. Let us suppose then that U is a 
weak solution, regular on each side of a curve of equation x = g(t), and 
admitting limits on each side of this curve: we can write U_ = U(g(t)_, t) as 
the left-hand value and U, = U(g(t),, t) as the right-hand value. 

The plane (x, t) is cut into two open segments, Q_ on the left and Q, on 
the right of the curve x = g(t), and the integral (II.76) is calculated on each of 
these two open segments by integration by parts. Using the fact that U is 
regular and therefore a solution of (II.75) in a conventional sense on each 
of the open sets Q_ and Q,, each integral becomes a contour integral by 
Green’s formula. For example, supposing that ®(x, t = 0) = 0, 


o® 6® - ; 
{{. (v2 + F(U) ~) dx dt = | io (U_®-v> + F(U_)®- vz) do, 


where v- = (v,, v, ) is the normal outside Q_ and do is the measure of length 
on the boundary, i.e., on the curve of equation x = g(t). If we note that for Q, 
we have to take v’ = —v™ and that v- do = (1, —(dg/dt)) dt, we can deduce 


the formula 


[{Fw — F(U,) -— Su_ — U,)fo dt = 0, (11.77) 


5. Some Mathematical Aspects 57 


for every regular function ® null for t = 0. From this we can deduce the jump 
formula 
e . F(U,) — F(U_) 

D(t) = U..u.” (II.78) 
which gives D(t), the velocity of discontinuity, according to the left- and 
right-hand values (a result which is obviously compatible with a change in 
orientation of the x-axis). If U_ and U, are neighboring values we find D 
next to dF/dU, ie., to a(U), the data transfer rate in the zones where U is 
regular. 

As we have already pointed out, certain rules of calculation are forbidden 
when dealing with discontinuous solutions, and we must be careful in the 
choice of the conservative form of the equation: we can have several equa- 
tions in conservative form which possess the same regular solutions but dif- 
ferent weak solutions. 

Let ® be a regular function, and consider the function ¥ defined by 


dy 


= a(U)S. (11.79) 


By multiplying (II.53) by d®/dU, and assuming that U is regular, we obtain 
another conservative form as a result of (II.53) 


a a 
a, P(U) + a, Y(U) = 0. (11.80) 


If the derivative of ® is not nullified, V = ®(U) can be chosen as a new 
unknown, and we can substitute 


Y(U) = X(V) for V=9@(U) (11.81) 
to transform (II.80) into 


w+ +2 -X(V) = (11.82) 


These equations give the same regular solutions but not the same weak solu- 
tions. In fact, the velocity of propagation of the discontinuities for (II.82) is 
given by 


= — X(Vs) — X(V_)_ ¥(U4) — BU) 


DW) =— OU) OU) (11.83) 


which, in general, is different from the velocity D(t) given by (II.78) (except in 
the case where a is independent of U). 

To choose between (II.74) and (II.80) a physical law must be used: if the 
integral of ®(U) is conserved over time, (II.80) must be chosen. That is why 
we have used the laws of conservation of mass, momentum, and total energy, 
which are valid even in the case of discontinuous solutions, whereas conser- 
vation of entropy is valid only for regular solutions. 
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5.4. Nonuniqueness and Selection Criteria 


Armed with this notion of a weak solution which admits discontinuities and 
demands that they satisfy the jump conditions, we might believe that the 
difficulties are ended; this is not at all the case, because we have with one 
stroke broadened the class of solutions too greatly and there may be several 
which correspond to the same initial datum. To simplify the study of this 
pheomenon we shall limit ourselves to the Burgers equation 

0U- a cU? 


+ ____ = 0, 
ot ox 2 (11.84) 


U(x, t = 0) = U(x), 
for which the jump condition (II.78) gives 


D = =(U- +U,). (I1.85) 


Let us consider the initial datum 


0 for x <0 
= ° I. 
Uo) . for 0 <x, I-86) 
and define the functions V and W by 
QO for x <0, 
V(x, t) = = for 0<x <ct, (11.87) 


1 for ct <x, 


and 


QO for x< -. 
1 for cr < X. 
2 


It can be seen immediately that W is a weak solution, corresponding to the 
initial datum (II.86), because the jump condition (II.85) is satisfied on the 
discontinuity x = ct/2 whilst V is a solution in the conventional sense, corre- 
sponding to the same initial datum. The question is then to discover how to 
choose the right solution. 

If the datum is regular, we have seen that the method of characteristics 
gives a regular solution, at least for a brief instant. In the case of the initial 
datum (II.86) it is worth noting that the method of characteristics gave us the 
formula (II.59) which we can still apply, but which does not define the value 
of the solution between x = 0 and x = ct because the characteristics starting 
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at O_ and 0, diverge. To be sure that the “right solution” is V, we shall use a 
continuity argument. If we start from the initial datum 


o(x) = V(x, &), (11.89) 


which is regular, and we use the method of characteristics, we find as a 
solution 


U*(x, t) = V(x, t + @). (11.90) 
If we make «¢ tend towards 0, the initial datum (II.89) converges on (II.86) and 


the solution (II.90) converges on (II.87); so the continuity argument has 
“selected” the solution V. If we now consider the Riemann problem 


U_ for x <0 
= ‘ II.91 
Vols) tu, for 0 < x, ( ) 
which, in the case U_ < U,, possesses a regular solution 
U_ for x <cU_t, 
U(x, t) = ~ for cCU_t <x <cU,t, (11.92) 


U, for cU,t <x, 


the continuity argument would make us prefer this solution to the discontin- 
uous solution (which exists, without conditions on U_ and U,, with D given 
by (II.85)) 


U_ for x < Dt, 


(11.93) 
U, for 0<x. 


UG, t) = 


This continuity argument shows that for the Burgers equation, discontinu- 
ities where U_ is less than U, should be excluded. 

The method of characteristics had suggested a first criterion, saying that 
the data propagation velocity on the left of the discontinuity should be 
greater than the data propagation velocity on the right; the discontinuity 
therefore results from competition between the left and the right which cre- 
ates a zone of uncertainty where formula (II.59) gives two distinct values; it is 
natural that the discontinuity should serve as a compromise and be found in 
this zone. If we now come back to the case of the equation 0U/dt + 
(o/0x) F(U) = 0 with a general function F, the data propagation velocity will 
therefore be a(U) = dF/dU. The foregoing analysis suggests that we should 
accept only those discontinuities which result from a compromise in a situa- 
tion of conflict between left and right: this is the Lax criterion (Comm. Pure 
Appl. Math. 33, (1957), pp. 537-546). To be admissible, a discontinuous solu- 
tion of (II.74) should necessarily confirm 


a(U_) > D=> a(U,), (11.94) 
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where 


dF F(U,) — F(U_) 

a(U) = qu and D= —U,-uU. 
But this criterion does not characterize the “right discontinuities” unless a(U) 
is monotonic. In the general case where a(U) is not monotonic, the criterion 
we arrive at compares the respective positions of the graph of the function F, 
locus of points (U, F(U)), and of the chord joining the point (U_, F(U_)) to 
the point (U,, F(U,,)): this is the Oleinik criterion (Usp. Mat. Nauk 14, (1959), 
pp. 165-170). To be admissible, a discontinuous solution of (I].74) must 
necessarily confirm 


the chord is above the graph if U_ > 0 | 


II.95 
the chord 1s below the graphif U_ < U,. ( 


Note that in the case where a is monotonic these two criteria coincide with 
each other and with our first criterion, a(U) decreases on crossing the discon- 
tinuity in the direction of the increasing x. In the case where a(U) is not 
monotonic, the Lax and Oleinik criteria are distinct. Note also that, for the 
problem (II.75), we can obtain a theorem of existence and of uniqueness in a 
well-behaved class of functions and that the discontinuities of the solutions 
obtained are characterized by the Oleinik criterion. It would take too long to 
go into the details of these mathematical results, but we can state simply the 
reason why certain discontinuities are retained by the Lax criterion but are 
finally rejected by the Oleinik criterion; they are unstable and the solution 
of the Riemann problem, corresponding to the initial datum (II.91), is not 
obtained using a single discontinuity from U_ to U,, propagated with the 
velocity D given by (II.78), but using several smaller discontinuities separated 
by zones where the solution is continuous. 


5.5. The Case of Systems 


The general study of the case of hyperbolic (quasi-linear) systems of the 
conservation laws would take us too far. The mathematical understanding of 
them is, moreover, not as complete as that of the scalar case, the essential 
difficulty being to know which discontinuities are admissible. 

We know no explicit formula like (II.62) for the time of appearance of a 
discontinuity, but in order to define discontinuous solutions we must also 
work with equations written in conservative form 


0 0 ; 
ay Ui + 5, FU - U,) for J = 1,...,p. (11.96) 
But there are important differences in relation to the scalar case. The first 
difference is that the systems of p equations like (II.96) are not all hyperbolic; 
to exhibit the phenomena of data propagation with a finite velocity it must 
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be possible for the derived matrix, defined by 


7) 
aj (U,,..-, Us) = ay Fu(U1, ---, Up) for jk = 1,...,p, (11.97) 
j 
to be drawn diagonally with real characteristic values 1,(U,,..., U,) (these 
will generally by distinct). These characteristic values A, are propagation 
velocities of certain specific modes and there are therefore p distinct veloc- 
ities. 

The second difference is that we obtain p relations for the velocity D ofa 
discontinuity and so there will be more restrictive jump conditions linking 
the components U; and U;, the limits of U on the left and right of the 
discontinuity; we find 


F(U?,..., Ut) — F(U7,..., U3) =D(U7 — UZ) j= 1,..., p. (1.98) 


By way of introduction to the studies which must be made in order to under- 
stand better the nature of the solutions of (II.52), let us consider the system 
7) 7) 
ay U1 _— > U, = 0, 


Ox 
O O 
—U,——F — 
= U2 ay (U,) =9, 


with F increasing. In this case the characteristic values to consider are 
A, = —(F’(U,))!? and A, = +(F(U,))*”. 
The jump conditions are 
U; —Uz; =D(Uy—Uy) and = F(U;y — F(Uy) = D(UZ — U2), 


which leads to 


(11.99) 


D = (Aopen) (11.100) 


Uy -—U; 
It must be stressed that (II.100) is different from (II.78), but does have a 


formal connection to those of the relations (I.30) which give the normal 
relative velocity of a discontinuity in a perfect fluid. 


CHAPTER III 


The Detonation Layer 


1. General Features of the Model 


1.1. Introduction 


The perturbation methods developed in fluid mechanics over the past three 
decades have made it possible to resolve many problems of regular or singu- 
lar perturbation (see, e.g., Van Dyke [36]). Thus Germain and Guiraud [22], 
in particular, studied shock waves by considering the dissipative effects as a 
singular perturbation of the Hugoniot model [25] in a perfect fluid. In this 
chapter we adopt—on the subject of detonations—an analogous approach: 
detonation is seen as a layer of steep gradients in a Navier—Fourier dissipa- 
tive fluid, this layer being localized in the neighborhood of the surface X(t) to 
which it is reduced by the Crussard model [14] in a perfect fluid. Analysis of 
flow in such a remarkable zone calls for the use of curvilinear coordinates z, 
é’, €” which are associated, respectively, with the normal direction N and the 
principal directions N’, N” of X(t). (N.B. Throughout this chapter the normal 
N is expressly oriented from upstream to downstream, as in Section II.2.) 
That is why (§1.2) the corresponding form of the equations (1.28) is estab- 
lished first of all: the expressions are those of Germain and Guiraud, made 
more manageable by appropriate notations. We then specify the hypotheses 
adopted to represent the law of chemical evolution (see §1.3). Finally, we go 
on to the necessary definitions and transformations (§1.4 and §1.5) for devel- 
opment of the perturbation method itself, ending up (§1.6) at zero-order 
structures and the notion of quasi C—J detonation. 


1.2. Conservation Equations in Local Variables 


In the equations (1.28) of a Navier—Fourier dissipative fluid, let us develop 
particle derivatives so as to separate the derivations in relation to the vari- 
ables of space (operator V) and the derivation in relation to the time t (opera- 
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tor 0/dt) and adopt a vectorial expression. For f; = 7? = 0, we have 


Op 


—+V-:(pU) = 0, 
ae + (pU) 
PPL + ¥-(pU@U + pl +™ =O, (111.1) 
Os v 
=, + U-Vs + =[V-q + Tr(l- VU)] = 0. 


In the above equations, transformation of the variables (x,, x2, X3, t) to the 
variables (z, €’, é”, t) calls for the geometric preliminaries which are clearly 
established in [22]. We limit ourselves here to mentioning, without proof, the 
results that are essential for understanding subsequent expansions. 

At each point (é’, €”) of X(t), besides the normal velocity 6(¢’, ¢”, t) at the 
surface X(t), we define the metric elements H’(é’, €”, t) and H"(é’, €”, t) by 


dP? = (H’ dé’)? + (H” dé”)? + dz?. (I1I.2) 


Denoting the principal radii curvature of X(t) counted algebraically along N 
by r’(é’, €”, t) and r’(é’, &”, t), at each point (z, ¢’, €”) of space, we define the 
functions h’, h”, k of (z, &’, €”, t) by 


1 1 
h’ = H’ (1 — ‘), h” = H” (1 — 5), k = ! + ”m? (IIT.3) 
r r Z—fT. 


Z—fT 


and the differential vectorial operator 
N’ oO n N” Oo 
h’ dé’ h” 0é”" 


With these definitions, the following correspondences can be shown: 


J= (II1.4) 


(a) For a scalar function f(z, ¢’, €”, t), the partial derivative with respect to 
time at a point x; (i = 1, 2, 3) of space equals 
of of ON 
— —d0——-—zwW Jf. 
at de at 
(b) For a scalar function f(z, &’, €”, t), the Eulerian gradient with respect to 
the variables x; (i = 1, 2, 3) at a given instant equals 
of 
N— + Jf. 
Oz 
(c) For a vector F¥ =f{N + f’N’ + f’N’, the divergence with respect to the 
variables x; (i = 1, 2, 3) at a given instant equals 
of 


—+kf+ F,.,, 
OZ ’ 
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where the last term is a condensed expression suggestive for 


1 | of'h’ ‘ of"h’ 
h’h” oe’ oc” 7 


(d) For a second-order symmetric tensor 
F ={N@ON+f'N @N’' +f'N’ @N’” 
+ g(N’ ® NY +N’ @N’) 
+ g(N@N’ +N’ @N)+ 2B (N@N +N’ ON), 


the divergence on the right with respect to the variables x; equals 


OF Rt F. 
OZ : 


which accords with the following expressions: 
F=f{N+gN’+9'N’, 
F’=e'N+f'N’ + 2N’, 
F” = g"N + gN’ +f'N’, 


1 | 6F’h”  OF’h’ 


For greater clarity, let us first use the results (a)—(d) above to transform 
the nondissipative terms in equations (III.1). This leads to isolating the diver- 
gence = V-II of the dissipative stresses and the rate W = V-(AVT) + 
Tr(fI- VU) of volume energy dissipated thermomechanically, where V de- 
notes here the operator No/éz + J on the variables (z, ¢’, €”). Moreover, this 
leads to the introduction of the components u and w = u — 6 of U and W 


along N as well as their common component W, along =. Finally, equations 
(III.1) take the local form 


é 0 ou ON 
é aT w2) Log = ng =ku+ o| (0). _ *. 30 |, 


4) ON 


ON 
— o| (ou @ U),.- 25 Feu + Jp + vg, 


0 0 ON v 
(¢ + we)s = (2X - W,)-4s + Tv: 


(III.5) 


1. General Features of the Model 65 


1.3. Evolution of Chemical Species 


Here, we follow all the authors who have contributed to the theoretical study 
of detonations, in admitting the existence of a state of local thermodynamic 
equilibrium q at every point of the flow. On the other hand, where the evolu- 
tion of chemical species is concerned, we take a less restrictive position. 

Whether implicit, as in Von Neumann [32] or Hayes [23], or explicit as 
in Friedrichs [20] or Hirschfelder and Curtiss [24], all authors assume that 
in a detonation the chemical transformation is a zero-order reaction of the 
type & — &. This hypothesis, which is obviously very simplistic if not com- 
pletely unrealistic (see Chap. IV), nevertheless has the advantage of leading to 
an analytically simple law of the type 


= (1 — x)S(4.%) 
where x € [0, 1] denotes the mass fraction of & at every point of space at the 
instant t. 
Starting from this outline, it is possible—without too much complication 
—to cover mechanisms more general than 6 — & by admitting the existence 
of a state variable m e [0, 1]: 


(a) such that the chemical composition N is determined as a function of q 
and m by the relation 


N= N+ m[Mq) — No], (IIL.6) 
just as in the perfect fluid model (see §I1.2.1); and 
(b) governed by a law of the form 


dm 
a= (1 — m)S(q, m), (III.7) 


where the reactivity S is specified below. 


The stability of the substance before any external stress and the irrevers- 
ibility of its transformation, once initiated, imply that the function S confirms 
the following two properties: 


e there exists a neighborhood V of q, such that S(q, 0) = 0 for q € V; and 
e S(q, m) > 0 forme ]0, 1]. 


Studying deflagrations and detonations together in the framework of the 
mechanism é, — @, Friedrichs [20] achieved these conditions by considering 
a function S(T) of the absolute temperature T and a temperature T' > T, 
such that 


S(T < Tf‘) = | 
S(T > Tf) > 0. 
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The choice is perfectly suited to flames: T' is then an image of the ignition 
temperature. It is less suited to detonations insofar as it is a shock which 
raises the medium to a state where reactions are triggered (see Dixon [16], 
Vieille [38], Von Neumann [32], etc.), and insofar as the state reached down- 
stream of this shock may not be characterized by the temperature, whereas it 
is always characterized by the specific entropy s (see Behe [4]). That is why 
we finally prefer to consider here an ignition entropy s' and a function S(s, m) 
null for s < s' and increasing positive for s > s' when m = 0 


S(s < si, 0) = a (IIL.8) 


S(s > s', 0) > 0. 


Finally, it should be noted that, with the help of local variables, (III.7) is 
written 


i) 7) ON 
(¢ + ws) + (w. — 2) Jm = (1 — m)S. (IIT.9) 


1.4. Characteristic Quantities and External Variables 


The use of an asymptotic expansion method—a developed form of reasoning 
on the orders of magnitude—calls for the equations to which it 1s applied to 
bear on dimensionless and near-to-unity independent and dependent vari- 
ables. Given the quantities in question 1n equations (III.1) and (III.7), we 
must a priori introduce (see Kaplun [28], Lagerstrom and Cole [30]) three 
primary characteristics: 


e alength L, 
e a velocity D, and 
e a volume mass , 


and two secondary characteristics: 


e alength L, and 
e alength L’, 


which “measure” the range of perturbations, by dissipation of thermo- 
mechanical origin and by deviation from the chemical equilibrium, respec- 
tively. 

Let us agree as a general rule to indicate by a bar over the initial symbol 
the operation which consists of calculating in dimensionless form a variable 
(independent or dependent) using the above characteristics; let us also agree, 
in order to simplify the expressions of subsequent expansions, to make an 
exception to this rule for lengths counted according to the normal N to X(t). 
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These two conventions are rendered by the following notations: 


Z7 /_t R’ = Lh K-_i_ tf 
pT L Z—R'* Z—R” 
=, pp . N d N’ a 
go zn 5 t= -—t, J =—-: —+ Y 2s? 
L L L Gé’ h oé” 
Ua = w=, 5 = Bu, (IIT.10) 
eé_ 2 j=, p= P ) 
D? D? pD? 
(n) 7) _ ’ 
zp” = a 5 =F S=—S 
LaD LpD? D 


So, relative to the external variables (Z, &', €”, t), equations (III.5) and (III.9) 
are written 


0 _da _ ou ee ON —_ 
(S +05) Logv— =~ = Ku t+ 5| (PO),.— 2 Jp | 
_ Op 0 _@é6\— =| _= ON ~—_ 
— N—— -< L 
— o| (pt @ U),:— Zz. Ip0 + 3p | + v= @, (IIT.11) 


7) 


0 _d\-_ ON u-—)\ = OL 


where the quantities ® and are henceforth defined in terms of the dimen- 
sionless variables and the differential operators on the external variables by 


® = V-IL, 
WY = V-(AVT) + Tr(- VU), 
_ 6 (III.12) 
Vv =N— 
Na + J, 


Il = 7'(V-U)1 + a[VU + (VU)']. 
The first important result of rewriting these equations in dimensionless form 


is to bring out—as a factor of the terms of dissipation ®, ‘W, S—the ratios 
L/L and L’/L which measure the relative range of the respective perturbation 
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domains. The following step consists of putting to use the experimental 
knowledge acquired about the detonation phenomenon to arrange the per- 
turbations in order and retain—at first—only those with the greatest range. 


1.5. Perturbation Parameter and Internal Variables 


In the above analysis, three characteristic lengths appear: a primary length L 
and two secondary lengths L and L’. A priori, the perturbation parameter in 
the sense of Van Dyke [36] can be either L/L, or L’/L; experiments enable us 
to decide between the two. 

In fact, detailed observation of detonations showed long ago (Dixon, 1893 
[16]; Chapman, 1899 [8]; and Paul Vieille, 1900 [38]) that it is a shock— 
today associated with the work of Zeldovich, 1940 [41]; Von Neumann, 1942 
[32]; and Doring, 1943 [17]!—which raises the medium into a state where 
chemical reactions are triggered. More precisely, it shows that a transitional 
propagation, called build-up, where the temperature is too low behind the 
shock to lead immediately to a strong reactivity, most often precedes the 
main propagation, characterized by a rapidly increasing temperature imme- 
diately after the passage of the shock as a result of the energy released by the 
rearrangement of the atoms. A contrario, for a given particle, built-up detona- 
tion means a transformation where the time constant linked to the realization 
of chemical equilibrium in a given physical state decreases rapidly from the 
moment the reactions start, and only rises again later as the system relaxes. 

This analysis shows that the inequality L’ > L can be applied at the transi- 
tional phase whereas the other inequality L’ « L prevails during the main 
phase; the perturbation parameter to choose for the latter phase is therefore 
é = L/L. 

The last step consists in choosing the internal independent variables. The 
Van Dyke principle of minimum degeneration [36] leads to the adoption of 
a linear extension along N 


t= < (111.13) 
Relative to the variables (C, é’, &”, t) the equations (III.11) are written 
_OLogv du 
wae — at = O(e), 
O ou 6U O OW 
oN — ra ros wi — 7n__ | 72_t)— 
at (p " =) Tw aE Pa G a °) 
_ (111.14) 
a 5 DO zor 7 OU OMe!” _ Ove) 
a Tat ag) *™ Vac) * Bae | 
wom L (1 — m)S = 0(e), 


ae Oa 
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where it can be seen that thermomechanical dissipation terms survive well in 
the first three equations when we make «e = 0, which justifies a posteriori the 
choice made above for the internal variables. 

Taking account of the equalities w = u — 6, 06/0¢ = 0, and 


Oe ov | 79s 
at Pag * ae’ 
we obtain 
0 
ae Pw) = Ole), 
6(_ _,0W\ __@W 6 (_dW,\ | 
N-¢(B-F ae) + BRS — 5 (BSE) = Oe 
_ (III.15) 
pw(% pm) [2 (12) + (®) nlm) | = 01 
PW act Par) lac ac) t* Vac) tBl ar] j= oe 
Woe — pl — mS = 06), 


where it is interesting to note that velocity no longer occurs except through 
the components w and W,, of the relative velocity-vector W. 


1.6. Zero-Order Structures: Notion of Quasi C—J Detonation 


With the notions and definitions introduced above, the construction through 
the method of matched asymptotic expansions (see Van Dyke [36]) of an 
approximate solution within O(e) and of the equations (III.1) and (III.7) in the 
neighborhood of a detonation wave can be summed up as follows. 

Denoting the state of local thermodynamic equilibrium by q (see §1.3) and 
the vector (U, q, m) by Y, we are seeking: 


— asolution Y(C, &’, &”, t) of the equations (III.15) where e = 0; 
— asolution “Y (Z, &’, €”, t) of the equations (III.11) where ¢ = 0, Z < 0; 
— asolution Y*(Z, é’, &”, t) of the equations (III.11) where ¢ = 0, Z > 0; 


such that 
¥(—oo, €, &”, t) = ©Y-(—-0, &’, &", t) = Yo(é, €”, 0, (11.167) 
Y( +00, &, &”, t) = ©OV*(+0, &, &€”, ) = Y,(&, &”, t), (1.16 *) 
where Y,(é’, &”, t) is the upstream state of the explosive substance in the 


perfect fluid model, and where Y, denotes a state of the detonation arc (H,) 
of the Crussard curve of origin qy. Subject to extending: 


(Y~ for Z > 0 uniformly by Y,; and 
(Y* for Z < 0 uniformly by Y,; 


Y = Y° 4 y+ 4 ©y- _y,—yY, (11.17) 
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constitutes the desired approximation. The vectors Y®, ©Y~, Yt, Y are 
called, respectively, zero-order internal, upstream external, downstream ex- 
ternal, and composite structures. 

Until now, apart from the chemical evolution equation, the procedure is 
in every way identical to that which would be used for the study of a shock 
considered as a layer of steep gradients in a Navier—Fourier dissipative fluid. 
Henceforward, it differs fundamentally from the latter procedure in that 
the state Y, is unambiguously determined on the Hugoniot by the datum 
Wo, whilst it does not exist on the Crussard curve unless wo(é’, é”, t) > 
D,[ao(é’, €”, t)]. 

Just as in the last subsection, it is experiment which directs the continua- 
tion of the model. 

As a general rule, the normal upstream relative velocity wo varies with the 
position of the surface X(t). This dependence results a priori from both: 


(i) the global effect of the boundary conditions of the flow of detonation 
products; and 
(ii) the local effect of the upstream state q,(é’, é”, t). 


In a uniform medium, only the global dependence survives; experiment 
shows then—at least for the built-up detonations which we shall consider 
from now on—that the less the average curvature, the less Wo Varies. This 
experimental fact leads us to allow that wo(é’, é”, t) can generally be approxi- 
mated by 


Wo(-) = D™ [qo(-)] + O(€2)D™ [qo(-), +] 
with (III.18) 


D [qo(-)] = D, Lqo(-)]. 


Under these conditions, the state (states) Y, to be considered in order to find 
the zero-order structures is (are) defined on (H,.) by wp = D®. 

It must be stressed that the case D = D, can occur whether wy is greater 
than, equal to, or less than D,; this case, which is comprehensively treated in 
what follows, is called quasi C—J detonation to show that it contains C—J 
detonation in the strict sense of (Wp = D,) but is not limited to such a deto- 
nation. 


2. Zero-Order Internal Structure 


2.1. Equations 


By making ¢ = 0 in the equations (III.15) and returning to the physical de- 
pendent variables (with no line above them), it can be seen that Y° should 
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confirm the equations 


Sow) = 0, 

“( - 6 4 pw) =o, 

5 (ow, _ i | _0, (III.19) 
Sloe! o(o-E)e-2e-to tt 

3E = “(1 — m)S 


By introducing the functions M, K, K’, K” of (é’, €”, t), the integrals of the 
differential system (III.19) can be written 


pw = M, (a) 

pe" Ow _ 

La? K + Mv, | (b) 
uu ow, 
a —- M — K’ 
L a Weo © 

2 

A0T wt 0 we — K” +(K — Mw)w + (K’ — MW.) -W,, (d) 

L 0 2 

w om 

Lae 7 ms. (e) 

(IIT.20) 


According to the conditions (III.16)~ and (III.16)*, a solution Y°(C; -) must 
be found for the system Y formed by the equations (II1.20b—e) such that 


w(—o; *) = D(-), 
W,(—0; ) = W.0('), 


(III.20)7 
T(—00; -) = To(-), 
m(—oo; :) = 0, 
Ww ; = Wi “ds 
(4005 °) ©) (I11.20)* 


T(+0;°)=T,, 
m(+00; :) = 1. 
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Now such a solution cannot exist (Sansone and Conti [34], p. 31) unless the 
points (D®, W.,, To, 0) and (w,, W,,, T;, 1) are singular points of Y, i.e. 
unless the second members of Y cancel there. This happens if, and only if 


M = Pop D, 

K = Po + M709, 

K’ = MW, (111.21) 
Ww 2 

K” = M (ec + | 1 + Povo ) 


Taking account of (III.21), the equations which Y should confirm are writ- 
ten 


0 = w— M2, 
Mu” dv 
Fe pe M2(p — 
L ac p Po + (v Vo), 
OW, | 
ML ay ~ Ys ~ Weo 
A OT M? |W. ~ W.ol” 
LM of (e—e9) + (v— vo) Po + zo — »| rn, 
w om 
——- =(1 — ; 
L a ( m)S 
(111.22) 
Given that W,, = W,, according to (1.29), the solution in W, can only be 
W, = Wi. (IIT.23) 
So, in fact, it is a question of finding for the system 
Mu” dv 
_=p— M2(v — 
L a P—Po + (v — Uo), 
A OT M? 
LM at =€@— eo + (v —_— Vo) po + Zz Wo _ | (111.24) 
w om 
an | 


where M equals p,D, a solution such that 
v(—; *) = vo(-), 
T(—0o; -) = To(-), (I11.24)- 


m(—oo; -) = 0, 
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v( +00; ) = v,("), 
T(+0; -)=T,(-), (I11.24)* 
m(+00; :) = 1. 


2.2. Existence and Behavior at Infinity 


The existence of the zero-order internal structure and its behavior at infinity 
were analyzed by Friedrichs [20] in the case where w, # a, assuming that 
both the explosive and its detonation products are an ideal gas of constant 
specific heats c, and c,. We were able to generalize his results to the hypoth- 
eses of §1.3 and solve the case w, = a, under the same hypotheses (see Ap- 
pendix B). The results thus obtained are summed up in Table III.1 assuming, 
for simplicity, that ¢ is chosen so that m (€ > 0) > 0. 
These results lead to two basic observations. 


(a) In a strong detonation, (v, T, m)® reaches exponentially the down- 
stream state tangential to: 


e the direction (v, P,, T,Q), —v,) if —ry > v4, 
@ the direction (v,, —T,Y;, 0) if —Ty < V4- 


In the quasi C—J detonation, (v, T, m)‘°) reaches the downstream state hyper- 
bolically for v and T, exponentially for m, the overall approach being made 
according to the direction (v,, —T,9Y,, 0). These two behaviors, analytically 
distinct, are also physically distinct insofar as the downstream approxima- 
tion of the strong detonation depends on the kinetic law S(q, m) owing to P;, 
Q’,, and k‘, whilst the downstream approximation of the quasi C—J detona- 
tion does not depend on it. For these reasons, we must exclude the idea— 
however natural—according to which the C-—J detonation would be the 
limiting case of the strong detonation when D® tends towards D, + 0. 

(b) Because weak detonations are impossible (see Appendix B in fine) 
it appears that strong (w, < a,) and quasi C—J (w, = a,) detonations are 
equivalent, respectively, to the cases D® > D, and D® = D,. As a rule it 
would suffice to know D® [qo(é’, &”, t)] and to compare it to D, [qo(é’, &”, t)] 
in order to say that such a detonation is locally strong or quasi C—J. But, in 
reality, D® is not a quantity which we can reach through experiment; experi- 
ment can give it only an approximate value w,(é’, €”, t) which differs from it 
by an unknown quantity of the order of ¢. In other words, it is impossible to 
distinguish a strong detonation from a quasi C—J detonation by a simple 
measurement of normal upstream velocity. We shall see later that, on the 
other hand, observation of the motion of detonation products makes this 
distinction possible. 
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Table ITII.1 


Weak detonations are parasitic solutions 
Y “exists” and confirms systems (0) and (1)* 
Y) “exists” and confirms systems (0) and (1)’ or (1)’ 


Definition of functions 
Behavior of Y at infinity f,t,v,G oa 


D— Uo _ k er +4 O(e'), 


F=N? + 2[(y — lw + p(w — 1)]N + (w — y). 


Ti 2y 


— iff NH 1, 
M/F +N—y-—o@ 


d 
“(ot+y—)) if N= 1. 
ac 


p 


m —_ 1 = —v,k,e-" + O(e7”?5). 
v, > —r, >0: 

v—vDUD 

PPh i ond 4 O(e8), 
Vy 


T-T, 


(1) 


= —k, Ge! + O(c"), 
1 


m — 1 = —v,k,e-"s + O(c”). 


—r, >v,>0: 


v—vU, N.B. (1) tr >0,r, <0, a, > 0; 
(2) $G > 0; 


3) N=1>9GH=G. 


=k, Pie" + O(e~ #5), 


Vy 
T-T, 
T, 


(1)” 


=k, Qie"" + Oe"), 


m — 1 = —v,k,e-" + 0(e° 4). 


P, and Q, are defined in Appendix B. 
ko, k,, k,, are constants peculiar to the solution Y. 
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3. Zero-Order External Downstream Structure 


3.1. Equations 


By making « = 0 in the equations (III.11) then coming back to the physical 
dependent variables using (III.10), we see that “’Y* confirms the equations 


oe WB? _ uk + oz. Jp —(pU),; + Doe 
woe + v PN = v[U(pU),,; — (pU © U),,; — Jp] — ae 
_ Dz Lu (~ Jp) - N. ou |, (111.25) 
wo = (oz - W.)-Js — DS. 
(1 —m)S=0. 


According to the condition (III.16)* a solution “ Y*(Z, -) of (III.25) must be 
sought, such that 


Cv, U, S; m>(+0, ) = C01, U;,, $1(-); 1». 


Let us note here and now the consequences of two hypotheses satisfied in 
every current experimental case: 


e the upstream state is uniform; 


then D‘ does not depend on (é’, &”, t) over X(t) with the result that the state 
Y, defined as shown in §1.6 in fine, confirms 


e the upstream state is at rest; 
then according to (1.29) 
W., = 0. (III.26b) 


To shorten the discussion, a detonation which takes place following the two 
hypotheses stated above will be called simple. 


3.2. Behavior in Downstream State of a Simple Detonation 


For a simple detonation, the nullity of the transverse gradients and indiffer- 
ence to time in the downstream state ((see (III.26)) make it possible to write 
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the equations (III.25) in the very simple form 


ou @bogy_ au. 
6Z oZ ~=SCo«RR,, 


dug OLogv 
“az * ao” 
(111.27) 
OW, — see 
eZ” 
Os _ 
07, —_ ) 


which involves the average curvature 1/R,, = $(1/R’ + 1/R”), and where the 
ellipses denote quantities which tend towards 0 when Z tends toward +0. An 
equivalent form of the first two equations is 


ou ua? 
2 2) 
(a waz = 2R TT 
at (III.28) 
5 >, 0 Log v uw 
=2— 4°, 
(a \—ag R.- 


where we see that the behavior of ‘“’Y* in Z = 0 is different according to 
whether the detonation is strong (w, < a,) or quasi C—J (w, = 4,). In the 
first case, the result is obtained immediately, whereas in the second, the con- 
clusion 1s not obvious. In Appendix C we show the results given in Table 
III.2, and illustrated by Figure III.1. 

N.B. This analysis is, of course, faulty if R, = 0. But, in view of the 
significance of the surface X(t)—the geometric approximation of the steep 
gradients layer in the perfect fluid model—this case is of physical interest 
only insofar as it corresponds to a uniaxial flow (|r| = |r’| = 0). This circum- 
stance will be considered favorably in Section 5 at the same time as the other 
one-dimensional propagations (cylindrical and spherical). 


Table III.2. « is defined in Table III.1, and B = —((w/u)a). 


Strong (w, < a;) Quasi C-J (w, = a,) 
_ Z 
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DETONATION 
STRONG (w, < a,) QUASI C-J (w, = a;) 


Figure III.1. Sketch of the zero-order field of external downstream velocity in the 
neighborhood of the downstream state. 


4. Zero-Order Composite Structure of a Simple Detonation 


4.1. Description in the Neighborhood of the Downstream State 


The zero-order composite structure of a simple detonation, as defined by 
(III.17), amounts to 


t 7] Dt 
¥(z, C', 6", t) = Y° (=) + (yt (<. =) ~~ Yi; 
L LLL 


and the results summarized in Tables III.1 and III.2 make it possible to give 
a description of a simple detonation in the neighborhood of the downstream 
state. The three possible cases are given in Table IITI.3. 

These results have a great wealth of consequences. We comment only on 
the four points which appear most noteworthy: 


(a) In the neighborhood of the downstream state, the description can contain 
terms affected by thermomechanical dissipation: those which exhibit the 
length 7, (defined in Table III.1), which itself depends on the longitudinal 
Prandtl number as well as on one of the two coefficients of transport 4 
and yp”. 

(b) We meet once more, in a way which is quite striking, something which 
had already appeared separately on each of the zero-order internal and 
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Table III.3 


Detonation Description in the neighborhood of the downstream state 


u(z, -) 


¢ 
= 1+ Bye + 2/Bi2/tm> 


v(Z, °) 
V1 
T(z, -) 
Ty 


u t 
Quasi C-J =1+ ~ (, = +2 Auzitn) 
1 


A 
=1— G, (5,2 +2 Arzita) 
ai Z 


. 2 

UZ) 4 Mh emits 4 ai _ 

Uy Uy at — Wilm 
v(z, ° 2u,w, Z _ z 
Me *) _ 1+k,e7/4 +7" _, +0(e°7/"1) + 0(2) 

v1 ay — wi Tn lin 
Te) tg Kyetts —G, 2 

T, ay — Wi Tn 


2 
2aj, Zz 


a? — w7 Tr, 


— a 1 4+ 1k, Pre S21 4 
u 


v(z, - 2u,W, Z 7 Z 
@) +k, Pie S21 4 SA, +0(e som) 40(2) 
vy ay — Wi tn Im 
T(z, ° 2u,W, Z 
Zi) y +k, QjeS2™ _ G, 5+. 
1 ay — Wilm 


external structures: quasi C-J detonation cannot in any way be consid- 
ered as the limit of strong detonation when D tends towards D, + 0. 

(c) In quasi C—J detonation, in the neighborhood of the downstream state, 
the evolution of the kinematic u and physical v and T dependent vari- 
ables does not depend on the chemical reactivity S(s, m); it depends only 
on the values of state variables and dissipation coefficients calculated in 
the C-—J state of the detonation products, a state which is a thermo- 
dynamic characteristic of the medium considered. 

(d) The ambiguity of sign which remains in the development relative to quasi 
C—J detonation cannot be removed without an appropriate discussion 
(see the following subsection). | 


N.B. For the interpretation of the results summarized in Table III.3, it is 
essential to note that 


u,= po(% ~ 1) <0, 
Vo 


in accordance with the upstream rest hypothesis, with w, = D® and with the 
relations (III.20a) and (III.21a). 
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4.2. Rules of Propagation; Notion of Autonomous Detonation 


In §2.2 we saw the necessity of distinguishing weak detonation (w,; > a,), 
strong detonation (w, < a,), and quasi C—J detonation (w, = a,) in order to 
be more specific about the existence of Y‘ and its behavior at £ = +00; we 
then concluded that the first was impossible, and so decided on the equiva- 
lence relations 


w,<a, <= D®>D,, 
Wi _ ai => D® = D,.- 


To be able to say whether a detonation is strong or quasi C—J, it would 
suffice, in principle, to know the velocity D© and to compare its value to that 
of D, calculated a priori. But, in fact, D® is not a quantity which can be 
found by experiment, which can only give an approximate value wo(¢’, ¢”, t) 
for it, differing from it by a quantity which is generally small, certainly, but 
unknown. So it is impossible to determine the nature of the wave solely from 
a measurement of the velocity wy. On the other hand, some valuable conclu- 
sions result from consideration of the curvature of the wave, starting from the 
results given in Table ITI.3. 
Two of these are immediate: 


(i) a quasi C—J detonation necessarily has a positive curvature; and 
(ii) a detonation with negative curvature is necessarily strong. 


Other, even more precise, conclusions are valid for the case of autonomous 
detonations where propagation is assured simply by releasing chemical en- 
ergy to the exclusion of any compression wave traveling through the flow of 
products up to the ignitor shock. In this case, the ignitor shock is followed 
by a decompression, which means—amongst other things—that the field of 
absolute normal velocities u(z) confirms 


u(z)/u, < 1 for z>?,. (111.29) 
Referring to Table III.3, we see that (I1I.29) makes it possible to: 


(iii) remove the ambiguity of sign in front of the term in ./z/r,, in the case of 
autonomous quasi C—J detonation; and 

(iv) conclude that an autonomous detonation with positive curvature is nec- 
essarily quasi C—J. 


The four conclusions above are essential for the interpretation of experi- 
mental results where the curvature is known, whether it results directly from 
the initial stress conditions or is observed in the course of propagation. Thus, 
as an example, we can state that: 


e aconvergent spherical detonation is strong; 
e an autonomous divergent spherical detonation is quasi C—J; 
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® aconcave axisymmetric detonation is strong; and 
e an autonomous convex axisymmetric detonation 1s quasi C—J. 


The following section, which deals with one-dimensional detonations 
(uniaxial, cylindrical, spherical), highlights the differences with separate au- 
tonomous and nonautonomous divergent propagations and from another 
point of view justifies the name chosen. 


5. One-Dimensional Detonations 


5.1. Zero-Order External Structure Equations 


The symmetry of one-dimensional configurations makes the “transverse” 
terms disappear from equations (III.25) which take the exact form 


Ou, OC Loge _ Nu ,pebese 
éZ ZZ R-Z ct” 


ou Op ~ Ou 


w—+025= —D—, 
OZ OL ot (III.30) 

Os x OS 

“eZ Ot’ 


m = l, 


where N is 0, 1, or 2 according to whether the wave is plane, cylindrical, or 
spherical. 


As in §3.2, let us solve in 0u/0Z, (0 Log v)/0Z, 0s/0Z, by taking account of 


Op a*0Logu Op @s 
6Z vv OZ OZ? 


(III.31) 
op a’ 0 Logv Op Os 
cd 3=—ti<isSstéE Os Ot’ 
we obtain 
du Nua* +=/ du Op 
2 2 _ oan 
(a WI RZ (w oP), 
OLogv Nuw ~/du vdép_ w*—a’éLoguv 
2 2 
-O* ,p(S_ FP A Te er 
(aw) az RZ (5 wae wa )’ 
Os ~ OS 
az at 


(111.32) 
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At this stage, it is convenient to return to the independent physical variables 


a? — wry OBI gga] No (A 1 2) 


Oz r—z ua?\dt pw ot 
6 Log v N 1 /du 1 6p w*—a’*dLogu 
2 yw _ oN 7, (ee + OP | WT ea 
(ae—w) OZ uw] A(4 pw at * Ww ot ° 

w ds Os 
zt’ 

(III.33) 

and to introduce the acceleration A(t) by 
1 oO 
ou P= A(t). (111.34) 


ot pwéat w 
Proceeding as in §3.2, we obtain: 


e if the detonation is strong (w, < a,) 


2 
u—u a N A Z 
Ha zt [N+ A] +0(2), 
u; ai—wil er az r 


v—v uiw, |N A, w?—a?2éLogv Z 
So atapwale tad awe oe |*°(;) 7 ass 


e if the detonation is quasi C—J (w, = a,) 


= N A 2 
UUs, fan.(S +2) +0(2) | 
u, ro ay r 


— N A ‘2 
oe 45* fp. (* + A )e + o(?) (III.36) 
Vy a, ray r 


N.B. It 1s possible to transform A, taking the jump relations into account; 
however, the expression obtained is not simple except in the hypothesis 
Uy = 0 which leads to 

A, =W; = Log(p)Du2). (111.37) 
The main significance of the expansions (III.35) and (III.36) is that they show 
the essential role of the relations (III.26a and b)— which express the hypothe- 
sis of a uniform upstream rest state—in the demonstration of the propaga- 
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tion rules set out in §4.2. Thus, as an example, and taking account of B,, > 0 
according to (II.16a), it can be seen that a nonsimple convergent detonation 
could be quasi C—J, provided that A, 1s sufficiently large so that 


As + N > 0. (III.38) 
ay COU 
It can also be seen that, except for the factor a3, the quantity which appears 
on the left in (III.38) is the one which is written 4 which occurs in Brun’s 
article [6] on sonic shock waves; the above calculations, carried out within 
the context of the analysis of zero-order structures for both strong and quasi 
C-J detonations give it a different emphasis. 

The case of quasi C—J divergent detonation calls for special attention. 
Indeed, the characteristics €* of a solution flow of the equations (III.33) have 
as an envelope—in the plane (r, t)—the line # of local slope D,. Since two 
distinct €* cannot pass through a point next to Y, one and the same @* 
cannot both end at ¥ and start off again from the same side. So two possible 
configurations remain; in the first (1) they move away from # when t in- 
creases; in the second (2) they come to an end at &. 

Brun’s study [6], reinterpreted in the context of zero-order structures, 
makes it possible—in formulas (III.36)—to link: 


— the minus sign to configuration (1), therefore a release for z > ¢7,, and an 
autonomous detonation in the sense of §4.2, 

— the plus sign to configuration (2), therefore a compression for z > ¢,, and 
a nonautonomous detonation. 


Formulas (III.36) thus specified make it possible, quite obviously, to ini- 
tialize the calculation of the solution of (III.33) starting from an arc of & 
insofar as they make it possible to substitute for the latter an infinitely close 
arc which carries new data from which the €* do not start tangentially, and 
thus come back to a normal Cauchy problem. 

Regarding the gradual construction of the solution, Brun also makes in- 
teresting observations from which we borrow the following. Consider a point 
P next to # “linked” by a €*, a ©, and a trajectory, respectively, to the 
points L*, L-, and L (see Fig. III.2). In the configuration (1), t,+ < t, < t,- 
with the result that the domain of dependence of P contains its own trajec- 
tory. On the other hand, in the configuration (2), t, < t,- < t,+ with the 
result that the domain of dependence of P does not contain its own trajec- 
tory. In the first case only, a part of the downstream zero-order external 
structure is determined at a given instant by the succession of the states 
which the wave has encountered in the course of its propagation, indepen- 
dently of the conditions at the downstream boundary (by “independently” 
it must be understood that the conditions at the downstream boundary are 
involved in the determination of the structure as a whole, but that this in- 
volvement is limited to the determination of the extent of an autonomous 
zero-order domain and the solution outside this domain). In the second case, 
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r 


Figure III.2. Sketch of characteristics in the neighborhood of the wave. 


on the other hand, the situation is identical to that which we meet down- 
stream of a shock. Thus for a quasi C—J detonation, the notion of autonomous 
detonation and its significance, which is as much physical (no compression 
coming from the boundaries) as mechanical (existence of a zero-order do- 
main of autonomy) are greatly clarified. 


5.2. Divergent Simple Detonation (N = 1 or 2) 


Because of its geometric (r = r' = r” > 0) and physical simplicity (uniform 
upstream state of rest in a frame linked to the symmetry element), divergent 
simple detonation has received the attention of many authors, from Jouguet 
[27] to Taylor [35] and Zeldovich [42], and, more recently, Cheret [11] 
and Brun [6]. Notations suited to this simplicity are essential: the distance 
x = r-—2z to the element of symmetry, as well as the dimensionless variable 

= x/r. Moreover, it is essential to note that, in accordance with (III.8), 
divergent simple detonation is necessarily propagated with a constant ve- 
locity to within O(c); in other words, in the zero-order approximation in ¢ 
accepted below, everything occurs as though the detonation were being prop- 
agated with a constant velocity D®. 

Taking up again from this standpoint (i.e., in the framework of zero-order 
structures) the question put by Brun in [6], we examine below the nature of 
detonation when the boundary B of the downstream domain moves away 
from the symmetry element (point, axis) with a constant velocity x, selected 
over the interval [0, +oo[; in such a situation, the variable 7—which by 
definition equals 1 over the wave—also maintains a constant value x3/D© 
over B. This observation leads us to look closely at the solutions of (III.33) 


which depend only on , i.e., on z/r, therefore self-similar in a frame linked to 
the wave. 
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For every quantity occurring in (III.33) we have 


0 1d 0 _i1zd 


a — =—_-—_ III.39 
Oz r dn’ ot rtdn’ ( ) 
so also, by introducing x = —u > QO, 
6) Oo. 61 z\d 1 d 
_ = _ _ |) > _ fe — (°c) _—_ ! 
wa + aa ‘( wt ) dn 7 (k nD iy (III.39’) 


First, we take into account (III.39’) in the last equation (III.33) relative to 
entropy; before any simplification, we get 


1 Os 
= (0)__ xy 
(nD x) an 0. (III.40) 


Now, any solution of (III.33) satisfies, outside the boundary B, 
nD —x>0 (IIT.41) 


such as results from an extension of Brun’s observation 1n [6]. What we have, 
indeed, in general, is 


For 4 = 1, i.e., on the wave, (yD‘ — x) equals (D‘ — x,) which is no other 
than w,, the downstream material velocity relative to the wave measured in 
the local frame, and always positive. It is then sufficient to show that x/t 1s a 
monotonic function of time (necessarily decreasing according to the pre- 
ceding sign) along any trajectory. If x/t were to go through an extreme value 
(x/t),, on a trajectory 7,,, the latter would be locally on the same side of the 
straight line x = (x/t),,t. Because all the trajectories can be generated from 7,, 
by homothetic transformations of the center O, two trajectories would pass 
through any point adjacent to the line x = (x/t),,t taken on the appropriate 
side, which is impossible. 

Thus, equation (III.40) 1s equivalent to 
ds = 0, (III.42a) 
dn 

which means that the entropy s() is uniform over every interval where it 1s 
continuous and differentiable; in other words, the entropy can possibly vary 
over a trajectory only in proportion to the passage of a shock for a value 
ne € [Xy/D™, 1]. 

This preliminary result allows us, in the first two equations (III.33), to 
express 0p/0t according to the velocity of sound and év/ét. So the application 
of the formulas (III.39) leads to a homogeneous linear system in d Log x, 
d Log p, and d Log y 


dLogx  dLogp d Log y 


2 = k@D! —» = N@pe nw? a? (II1.42b) 
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N.B. The calculations which lead to (III.42b) are simpler if we go back to the 
form (III.30) from which (ITI.33) came. 

Let us leave the detonation context for the moment and turn to the inte- 
gration of the differential system (III.42) starting from (7 = 1; x = x1,p = P1, 
s = S,) by decreasing values of n. Three cases appear, whose nature as stated 
below justifies the choice of reference letters. 


(S) The state (x,, p,, 5,) 1s subsonic relative to the wave 
D” ~— X14 < ai> 


so the integration of (III.42) is immediate (as soon as the velocity of 
sound a(p, s) is known) and provides—according to (III.41)—a series of 
states which are subsonic relative to the wave. It can be seen, in particu- 
lar, that x(y; -) grows from x, < D® when yn decreases from 1, which 
justifies the introduction of the value xg defined by 


.( XB. .\_, 
*\ Do” = XR. 


(S*) The state (X,, ~;, 5,) iS sonic relative to the wave 
D’&® —_— X4 — ay 


and the integration of (III.42) is initialized by the formulas of Table III.2 

with the + sign. This takes us back to the preceding case with just the 

one difference: the slope of x(n; -) is infinite in 7 = 1 instead of finite. We 

note x the particular value taken here by the velocity x, defined above. 
(S) The state (X,, ~;, 5) is sonic relative to the wave 


(0) _ yg 
D’’ — xk, =a, 


and the integration of (III.42) is initialized by the formulas of Table III.2 
with the — sign. Thus integration leads to a series of states which are 
supersonic relative to the wave. We note, in particular, that x(n; -) de- 
creases from x, until it reaches the value O for 7 = no tangentially to 
x = 0 (see [31], p. 609). The only feature common to the solutions (S*) 
and (S) is the infinite value of the slope x(n; -) in 7 = 1. 


The different features mentioned above for the cases (S), (S*), and (S) ap- 
pear in Figure III.3. 

Let us now return to the problem raised at the start of this subsection. 
Consideration of the extreme cases xg = 0 and xg > D® lets us assume the 
existence, downstream of detonation, of 


— an expansion for fairly small x, (the detonation is then autonomous in the 
sense of §4.2); and 
—  acompression for fairly strong xp; 


and therefore the existence of a critical value for the boundary velocity which 
separates the quasi C-J detonation regime from the strong detonation re- 
gime. In order to specify this assumption and the critical value, we shall show 
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Figure III.3. Integration of the differential system (III.42) based on (7 = 1; x = x, 
P = p,, S = S,). The profiles S (y < 1) and S* (y < 1) are formed from subsonic states 
relative to the wave; the profile S (y < 1) is formed from supersonic states relative to 
the wave; the states S* (y = 1) and S (y = 1) are sonic. 
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that it is possible, for every value of x, in the interval [0, +oo[, to construct 
(Y* starting from the locally self-similar solutions of (III.42). 

To do this we shall consider the solution obtained by juxtaposing up- 
stream and downstream, respectively, of a shock © with absolute velocity 
D, 1c, the solution (S) and the solution (S) relative to the downstream state 
of the shock ©. Using the properties of (S) and (S) which have just been 
analyzed, and recalling the jump relations, we can establish that, when 4, 
increases from (7, + 0) to (1 — 0): 


e the absolute velocity of € increases from (7)D,, + 0) to (D,, — 0); 

e the absolute velocity upstream of € increases from +0 to (|u,| — 0); 

e the relative velocity upstream of © increases from (7,D, + 0) to (a, — 0); 
and 

e the boundary velocity varies from +0 to xf — 0. 


The group of solutions thus defined, completed in : 


© Nc = No by the solution (S) itself extended by a uniform rest from 7¢ to 0; 
and 


© 4c = 1 by the solution (S*); 


makes it possible to satisfy every boundary velocity over [0, xf]. 

Moreover, the group of solutions (S) relative to the strong detonation 
states makes it possible to satisfy every boundary velocity on |x, +oo[. 

Thus it appears that x¥ is the critical value of the boundary velocity below 
which the detonation is quasi C-J and above which detonation is strong, 
below which a zero-order domain of autonomy exists and above which such 
a domain no longer exists. For x, = x§ we have a bifurcating configuration 
which obviously merits the name of critical detonation. 

In [6], Brun gives the value of x§/|u,| and of yo in the hypothesis of a 
¥-polytropic behavior of the detonation products for different values of the 
coefficient 7. We give below those values relative to j = 3, nicely representa- 
tive of explosives in the condensed phase. 


Respecting the orders of magnitude, we illustrate synthetically the set of 
results above in Table III.4 plotted on the plane (yD, x), relative to the 
spherical case: the velocity profiles are represented by unbroken lines, whilst 
the locus CyC’JD of downstream states of shock € when the boundary veloc- 
ity varies from 0 to +00 is shown by dotted lines. Its bearing in C, and in J 
is not evident and results from the following observations: 


e in the neighborhood of J + 0, the infinite slope results from the minimum 
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property of the velocity of detonation compared with the jump in material 
velocity when we move along the H, arc of the Crussard curve in the 
neighborhood of the C—J point; 

e in the neighborhood of J — 0, the shock © is close to a sound wave of 
velocity a,; the infinite slope results from the infinite slope of (S) and the 
proportionality in the neighborhood of J between the velocity difference 
nD,, — a, and the jump in material velocity x. — x,; and 

e in the neighborhood of C, + 0, the shock © is close to a sound wave with 
the speed 7,D,,; the nonnull finite slope results from the null finite slope of 
(S) in Cg (see above) and the proportionality in the neighborhood of B 
between velocity difference 7D, — 7 )D, and jump in material velocity 
Xq — Xo. 


These observations enable us to correct the erroneous representation 
given by Brun in [6]. 


DB"...x, > x5 
/D  IB*...% 3 = X& 
JCC'B’...0 < x, < x* 
JC yBo...X3 = 0 


ND. NcD- D. D®) >D. 7D) 


Figure III.4. Profile of material velocity x in terms of 7D (with D® > D,) for 
various values of the boundary velocity x,. 


5.3. Convergent Simple Detonation 


Although endowed with the same attractions (r = r' = r” <0, uniform up- 
stream state of rest), convergent simple detonation received less attention 
from theoreticians—if not from practitioners—than divergent simple deto- 
nation. Compared with preceding expansions, this relative disinterest can be 
explained by the particular difficulty which is raised by the existence of a 


5. One-Dimensional Detonations 89 


supplementary characteristic length: the radius where detonation is built-up 
after the transitional phase. So the expansion (III.18) of w(t) in ¢ is no longer 
relevant and it is advisable—the consequences prove that this is fully justified 
—to substitute for that expansion the following hypothesis: a radius r* and 
an instant t* exist, such that 


Ir|(t*) = [r*|,  Wo(t*) = et 


111.43 
t>t* <> |r|(t)<|r*|,  wo(t)> Dy. (111.43) 


First, we look at the two extreme solutions: that where the velocity wy barely 
exceeds the C-—J velocity D,, and the solution where detonation no longer 
differs from a strong shock. Then we propose an interpolation formula which 
will be compared with the experiment in Chapter XI. 


Velocity just Exceeds Velocity D, 


The acceleration mechanism of the wave was first raised in 1959 by Zeldovich 
[43] and was taken up again by Damamme [15]. But the gaps which remain 
in these papers (see observations in fine) lead us to reconsider the question on 
the basis of the zero-order external structure equations (III.33) stated above 
and recalled here 


(a? — way = wa? + w(e- 


r—Z ot pw oat 
0 Log v N dus 1 Op”) =w*—a’dLogv 
2 2 _ le 
(aw) 0z “+(4 ow ot Ww aot) 
wos = Os 
dz oat" 


When z tends towards +0, the differentials 0/6t become differentials taken 
along the Crussard curve; in particular, as a result of the jump relation 
P — Po = M(uy — u) and the extremum properties of M and s at point J, the 
right-hand parentheses have —2a,(du/ét), and —2(Cu/dt),, respectively, as 
limits when t > t* + 0. Equations (III.43) therefore entail 


OL 
lim lim G — wry eg tel) _ 2a, e2 = az 
* 


t>t*+0 z>+0 Oz ot 


. . v— 
lim lim — _* 
t>t*+0 z~t+oU—U, 9 a, 


(II.44) 


lim lim Os = (0). 
t>t*+0 z7+0 OZ 
It is clearly seen from the first of the above equations that establishing a 
correlation between curvature r and acceleration of the wave starting from 
time t* involves the evaluation of the limit on the left, and therefore involves 
modeling the incipient propagation. 
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[r*| |r [| 


Figure III.5. Convergent simple detonation. Sketch of the characteristics in the neigh- 
borhood of priming boundary. 


The experiments actually carried out [13] lead us to accept that propaga- 
tion: 


e results from the application of a velocity x, (t > t°) on the boundary of the 
explosive structure (radius |r®°| at rest; t° as close to t* as desired); 

e takes place with C—J velocity D, between the point I(|r°|, t°) and the point 
J(|r*|, t*). 


In these conditions, let us examine (see Fig. III.5) the family of characteristic 
curves in the plane (|r|, t) 


e the characteristics €* leave the segment IJ with a uniform slope u, + a, = 
2a, — D,; 

e from point I, there starts a bundle of characteristics © whose slope is 
bounded by the slope — D,, of the segment IJ and the slope ©, imposed by 
the initial boundary velocity x,(t°). 


The zone d(t®) of the plane bounded by the characteristic €* starting from 
J and the two extreme characteristics © starting from I (segment IJ and ©,) 
depends only on the boundary condition at t = t®. In this zone, the isentropic 
flow equations can be written 


(u+o)—(u+o), =N-O0(t* —t®) on @*, 
(u—o) —(u—a), = N-0(t* — t°), on ©, 


(where o is the Riemann integral defined by o = —{a(dv/v)). This written 
form shows that, apart from the terms 0(t* — t®°), the flow in d(t®) is that of 
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the “uniaxial expansion centered on I,” i.e 


(for a description of how the above equatons were established, see Berger and 
Viard [3], p. 39 et seq., p. 164), from which we can deduce, on a line t = 
constant, 


1 _ ou Oa ou odadv ou vdadcu 


tt dz dz dz Qvoz oz advoz’ 
Taking account of the thermodynamic identity 


2,9 =2 7 SP oe 9, 


which results from the actual definition of the velocity of sound a, for flow 
inside d(t°) we obtain 


ou 2a? 
— = se + O(t* — t° 
6z = 0°p t—t° ) 
Bpz WY s) 
At the limit, when t° = t*, we obtain 
O 2a? 1 
= (2, the for (z, the d(t*). ——_(II.45) 


“(salon 


Going back to (III.44) and the limit which interests us, we see that an equiva- 
lent still has to be found for a? — w? in the neighborhood of (z = 0, t = t*). 
This equivalent can be established by writing 


w? — a? ~ 2a, (w — a), 
noting that 


w —w, ~ (u — u,), 
a v* 0*p 
a—a ~(o- op | 2-5 ws], 
* *’|v 2a dv? * 
and using the second equation (III.44) 


v—-vr~ —*(u — u,.). (111.46) 


* 
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This procedure leads to 


3 0*p 
w? —a*~ E —-(v, »| (u — u,). (111.47) 
a Ov? ‘ * 


Taking (III.45) and (III.47) into account simultaneously for an arbitrarily 
small fixed value of z and an arbitrarily selected value of t on the corre- 
sponding segment of d(t*) gives 


du v> 0*p v> 0*p du 
2 2) 7u ~ vb’ op vio py]; ou 
c ” Ile 2a| (* wa) I(E =) Gee 


with the end result 


6 Log |u| _ = (° este) 
OP .{ ——_ 


li li 2 yg 
im lim (a“ — w~) at 


=+0° 
t>t* z>+0 OZ ee 


t=t* 


So, in the first equation (III.44), there remains only the derivative along (H,) 
in J, for which dt can be replaced by D, dr (algebraic r). From which 


OLoglu]\ Na, 1 
or J, 4D, r®’ 


or again 


|u| a ju,,| _ _N ay It ~~ [r*| 
u, 4D, |r*| 
which, thanks to (III.46), is equivalent to 


+r, 


p= My Nal tl Mal, (III.48) 
vy 4 D, Ir,.| 


The above relation gives the variation of the mass volume in the downstream 
state according to the radius of curvature |r|. A further calculation will make 
it possible to correlate the variations in detonation velocity and curvature 
using the jump relations and the properties of point J on (H,). 

Considering the extremum property of the velocity wo in J, the jump 
relation (II.15) where w, is replaced by D 


D* = v6 M? 
leads to the limit expansion 
D—D, vg (d*M? 3 
ee _ ar Il . 
D, 4D? ( dy vw v,)° + (IIT.49) 
where d*/dv? represents a derivative along (H, ). 
Going back to the definition of M?, i.e., 


> 
Vo — DV 
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we establish, at a current point of (H,), the expression 
d*M* ss 1s d*p 2 dp P— Po 
dv? vy —v du? (vg — v)? dv (vo — v)? 


At point J, using the expressions of (dp/dv), and (d*p/dv’), established in 
Chapter II ((II.22) and (II.23), respectively), we obtain 


d?M? 1 1 0? 
(a . ) - + —__+—_|2 Pv, »| (11.50) 
v/s Yo — Ye | 5(2 )o, v ‘ 
Simply inserting (III.48) and (III.50) in (III.49) leads to the expression 


D— D, _ Uy (2 y . E “ 9] 


D,  4p2D2(v) — »,) \D, 1 (vo 
1—5(~-1]G, 


PNP 
4 r* ‘ 


which can be transformed by the jump relations py — po = —poD,,u,, and 
U, = PoD,(v, — Vo) to reveal the dimensionless groupings 


D-D, 1/u,\?[ wv’ ve 7 
D, -3 (EE) = Po Pec | [2 -(;- )s., 


N |r| — |r*] |? 
-| — —__—_ ae IIL.51 
E [r*| r mined 


It is convenient for what follows to introduce C, by 


lfu,\? vr, |0*p Vo ~ 
©.=3(5%) apolar? |[2-(- oo] > ams 


and to note that this quantity is expressed simply when: 


(i) it is accepted that the isentrope of the detonation products originating 
from the C-—J state can be approximated, in the neighborhood of this 
state, by the representation 

Px Vy 


(11) Po may be neglected in comparison with p,. 
In fact, the jump relations then show immediately that 


u, 1 a, % Ty | 07p Py 
—* = , 0 Seo Ue “Pv s)| =F, (0, + D5: 
D,~ Totti De op Fett | we) | Eee te 
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with the result that C, takes the form 
ry 


ee ee IIL.52bis 
Cs 27, + NT, —G,) ( Is) 


The Velocity is Close to oo 


For low values of |r|, convergent detonation is no different from a strong 
shock. In the hypothesis—not very restrictive in view of the states concerned 
—of a f-polytropic behavior of the detonation products, the flow becomes 
asymptotically self-similar (Guderley, 1942; Landau and Stanyukovich, 1944) 
so that 

D ~ |r|" (III.53) 

|r|70 

where n depends on 7 and N (as in (III.49), notation D is substituted for 
notation wy with the sole aim of simplifying future equations). A precise 
analysis of the ratio m = n/N can be found in Witham [39]; completed for 
the highest values of 7, it shows that m does not depend greatly on N and is 
very appropriately approximated (see the table below) by Witham’s formula 


2 2% \- 
m(7) = (1 +i4 4) (111.54) 
7 y-1 


in the physically interesting variation interval of 7 (1 < 7 ~ 3). 


2 


0.161220 0.1868 0.197294 0.226054 0.2892 
0.160376 0.1865 0.197182 0.226346 0.2857 
0.163 0.188 0.197 0.225 0.294 


Interpolated Functional Relation 


If the velocity and curvature of a convergent simple detonation are func- 
tionally linked, such a relation is necessarily compatible with the expansions 
(III.51) and (III.53). The possibilities of interpolation are infinite. Lacking a 
physical argument, we rely on an argument of simplicity to propose 


D-D, Cc, [/ir*)\8™? |? 
* 


where m and C, are given, respectively, by (II1.54) and (III.52) or (III.52bis). 
The validity of (III.55) will be examined in Chapter XI based on the experi- 
mental results described in [13]. 
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Observations 


We mentioned earlier the gaps in the papers written by Zeldovich [43] and 
Damamme [15]. The above results explain them more clearly. 

In Zeldovich’s paper we find the following sentence: “... at the beginning 
of the process, it is not difficult to obtain expansion of the solution in a series” 
followed by a formula compatible with (III.48) in the cylindrical case N = 1 
and in the framework of the simplifying hypotheses (1) and (ii), which are, 
moreover, restricted to the case T, = 3. If it is true that we can hardly ques- 
tion the ability of the author to carry out the calculations which lead to 
(III.48), the fact remains that these calculations are not displayed and that the 
form of the general result (N = 1 or 2, with no simplifying hypotheses or 
restriction on the value of I,) has not been put forward. 

In [15] we find an attempt—which follows from [7]—to examine in a 
general way the problem of the incipient propagation of a convergent deto- 
nation. However, the demonstration of the expansion (III.48), or its equiva- 
lent, is lacking. Moreover, the stated validity condition—boundary pressure 
less than C—J pressure at the initial instant—is not the right one. Indeed, the 
demonstration of (III.48) detailed above shows clearly that the validity condi- 
tion is the existence of a nonempty domain d(t*); this condition is assured if 
and only if, in J, the slope of €;, is greater than that of ©", i.e., 


Xp — ag > uy + a, = 2a, — D,, (111.56) 


which has no reason for being identified with the condition pz < py. 

A simple expression of (III.56) can be given in the ,-polytropic hypothe- 
sis already considered above. Indeed, the theory of the centered simple wave 
(see e.g., [3]) shows that 


apg = a, — 


with the result that (III.56) is equivalent to 


6. The Beginnings and Limits of Detonation 


6.1. Priming Boundary and Free Boundaries 


In Subsection 1.5, we have already stressed that the actual detonation 1s never 
established instantaneously. Whatever the intensity and the nature of the 
stress to which the priming boundary B? of the explosive structure is subjected, 
a transitional propagation occurs where the temperature behind the shock 
wave is too low to entail an immediate strong reactivity. Moreover, re- 
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searchers have often found circumstances where, for the same explosive 
structure, the existence of free boundaries B' which are initially unstressed 
(i.e., where e.g, Pe B'=u(P)=0 and p(P) x0 as long as X(t) has not 
reached P) breaks the uniformity of propagation on which the simplicity of 
one-dimensional detonations is grounded. On and in the neighborhood of 
these boundaries, pressure and temperature result from an interaction of the 
explosive with the adjacent medium, governed by the jump relations (I.26b) 
applied to a contact surface M = 0. And we cannot exclude the possibility 
that this interaction leads—in a more or less extended domain—to a temper- 
ature of the explosive material too low to entail a strong reactivity. 

Thus, for reasons which may be attached either to the microscopic pro- 
cesses of chemical reactions or to the existence of free boundaries, or to both, 
the study of explosives cannot ignore the transitional phases and the marginal 
zones of propagation whose modeling eludes that developed above (Sections 
1—5) for the actual detonation. We can however draw upon it, as is shown 
below, to extract the essential features. 


6.2. Birth of a Simple Detonation 


Three characteristic lengths were introduced in Subsection 1.4: a principal 
length L and two secondary lengths L and L’. The modeling of built-up 
detonation as a layer of steep gradients in a dissipative fluid rests on the 
inequality L’ « L which leads to the choice of ¢ = L/L as a perturbation 
parameter. Obviously, the transitional circumstances described in Subsection 
1.5 come under the opposite inequality L’ > L, which this time leads to the 
choice of e’ = L’/L as perturbation parameter. 

The process is thus self-imposed. The Van Dyke minimum degeneration 
principle [36] leads us to adopt a linear extension along N 


Relative to the variables (¢’, &’, €”, t), equations (III.11) are written 


_dLogtd- dau 


at ae ~ Oe), 
op ow... 

UN api + W apr = OF’) 
woe = 00°), 

Wom _ 1 — m5 = OC 
Wap — | — m) — (e’), 


which differs from (III.15) only in the absence of thermomechanic dissipation 
terms and the substitution (€ > ¢’, e+e’, L> L’). 
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Taking account of W = U — 6 and 06/0¢’ = 0, we obtain 


0 _~— ! 
ac (P¥) = O(e ), 
n oP + aw = O(e’), 
oc’ oC’ 
95 (111.57) 
s , 
at’ = O(e ), 
wom _ (1 — m5 = 0 
Woe — | —m)S = O(e’). 


By making «’ = 0 in equations (III.57), and returning to the physical depen- 
dent variables (with no overbar), we see that the internal structure Y’ of a 
transient system should confirm the equations 


6) 
ac (ow) = 0, (a) 
6) 
ap PwW.) = 0. (c) (111.58) 

Os 
ac’ = 0, (d) 
om _ L’ 
at’ = wu m)S. (e) 


Using again the observations made at the start of the century and taken up 
by Von Neumann (see Subsection 1.5), consider that a shock carries the 
explosive medium from the uniform state Yj to a state Y(é,, é€”, t) where 
chemical reactions are released. By hypothesis this state is such that 


dm 
m = QO, (S) # 0. 


Moreover, in accordance with the results established in Chapter II on the 
subject of shocks, this state is perfectly defined—locally in space and time— 
when giving the normal relative velocity upstream Wo; in particular, this is 
the case with the specific energy § and the normal flow of mass M = poWo. 
The evolution of chemical reactions downstream of a shock is described by 
the solution of (III.58) which equals Y when ¢’ = f . It is clear that the actual 
solving passes through the formulation of the pressure of the mixture born 
of decomposition, as a function of variable m, specific entropy §, as well as the 
characteristics of the initial medium and the products formed. But it is also 
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clear that, once this relation F is chosen, the integration of equations (a), (b), 
and (d) with 


v=—, 


M 
P = Po + M(wWo — w), 
s= §, 


makes it possible to express w as a function of m, and to reach an equation 
of local chemical evolution 


S(§, 
om = Li — my —_28™) 
aC w[M(s), AS, m)] 
where § and M are two linked parameters. 

Thus the expansion arising from the chemical reactions downstream of a 
shock depends at the same time on: 


(III.59) 


— chemical mechanisms by S; 
— the thermodynamics of the mixture by FY; and 
— the local conditions of shock by §. 


This shows the complexity and variety of the possible situations. 


6.3. Extinction or Bifurcation of an Automomous Simple Detonation 
Experimenters and users of explosives know very well that: 


e detonation which builds up in a cartridge primed at one end displays a 
“front” whose curvature is more pronounced and whose velocity is lower, 
the smaller the cartridge diameter; and 

e propagation is no longer observed below a diameter called the critical 
diameter. 


Generally speaking, the facts mentioned above and others besides prove 
that effective propagation of a quasi C—J detonation is incompatible with too 
great a curvature of the wave surface. We attempt in what follows to under- 
stand the mechanism of this correlation by developing [12]. 

In the neighborhood of the critical propagation conditions, the relative 
order of the three characteristic lengths of the problem is L« L « L’. In 
other words, the primary length becomes L’ and the secondary length L, 
whilst L can be ignored. The relevant dimensionless variables are no longer 
those defined in (III.10) but those deduced from (III.10) by replacing L by L’, 
without, however, modifying the definition of S. Moreover, the perturbation 
parameter to choose becomes é = L/L’. Except for the definition of the vari- 
ables marked with a bar, other than S, and subject to replacing L by L’, 
equations (III.11) remain valid. Then by making L/L’ = 0, and returning to 
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the physical dependent variables, we find the first three equations (III.25), 
whilst the fourth should be replaced by 
~ O 4) ~ ON\ = 
L’(1 — m)S = (os + wa)m + (w. — pz) Jm.  (III.60) 
Taking up the so-called Von Neumann hypothesis once more and therefore 
the existence of a state Y(é’, €”, t) such as 


dm \ 
m= 0, a # 0, 
(Fi /2=+0 


and taking advantage of the definitions (III.26a and b) of simple detonation, 
we arrive at the equations which govern the near downstream flow: these are 
the equations (III.27) which must be associated with the equation of near 
chemical evolution deduced from (III.60) 

w om om 

S21 a er 

Daz (OMS at 
where the ellipses designate the quantities which tend to zero when Z tends 
to +0. 

Finally, taking account of (III.28), we can say that the near downstream 

flow is governed by 


(a? — wa) a2 to, 
(a? — w) 8? = 2 
a, (111.61) 


W om . om 
rez 69 -(F), + 


The first four equations show that the near downstream flow is an isentropic 
perfect fluid flow. Furthermore, the last equation shows that effective propa- 
gation 


om 
—__ >0 III.62 
(Deer mire?) 


is possible if and only if 


. om 
S(8, 0) > (“") ; (111.63) 
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that is to say if the initial reactivity S($, 0) exceeds the local variation rate of 
the composition. 

Consider now the typical case of simple detonation in a cartridge with a 
diameter @: axisymmetric, and stationary in a frame moving at velocity W, 
in an absolute frame of reference. Then wy, = |W,| cos w, where w is the angle 
formed by the normals to the wave 2, respective to the summit A and the 


current point P. Without the need for an exact calculation, it is clear that— 
for a convex surface X2)—w increases with the curvature. Consequently, the 
more the wave is curved, the less the values of w, and therefore § and the 
initial reactivity S(S, 0). In these conditions, it is understood that stationary 
axisymmetric propagation which necessarily confirms 


om 
naam —0 
(3 on. 


ceases to exist when the limiting conditions on the boundaries of the car- 
tridge impose too great a curvature on the detonation front. We attempt 
below to argue more closely and add some refinements to these semi- 
quantitative considerations on simple detonation in a cartridge. 

Consider the relative flow at a reference point made to move with velocity 
W, = |W, |i in an absolute frame of reference. As the preceding study sug- 
gests, we are concerned with reactive fluid flow in the near downstream of the 
ignitor shock represented by a surface 2, of summit A. As throughout the 
preceding subsections the normal N to 2p is oriented from upstream to 
downstream. 

As appears in the expansions which follow, it is convenient to make use of 
the intrinsic coordinates associated with the flow lines and their orthogonal 
trajectories. Let us agree to orient the unit vector 1 on the flow line by the 
velocity-vector W and adopt the following definitions: 


e the unit vector t on 2: (N, t) = +2/2; 

e the unit vector n on the orthogonal trajectories: (1, n) = +2/2; 

e the deflection of W compared with the upstream state: (i, 1) = 0; and 

e the angle of 2 and the upstream flow line: (i, t) = 7. 

At the heart of the flow, we designate the downstream state of XZ, by the 
superscript ~; the deflection of W compared with upstream is therefore 6 at 
the point of 2, whose distance from the axis is 7; by extension, the angle 7 is 
written (i, ty)=n— 6. Finally, the curvature of the flow line is written 1/R, 
whilst the curvature of the meridian of Ly is written 1/R;; by the definition of 
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Figure III.6. Diagram and notations for studying the relative flow of detonation 
products. 


yn and f, the latter 1s 


1 
— = sin n —. IIT.64 
Rs smn a ( 
Figure III.6 amalgamates the majority of the notations defined above. 


By the interaction of the differential operators 


O O 
AL = COs O + sin Oo 


O O 
an = —sin aw + cos O~ 


and taking account of d/dét = 0, equations (I.26a)—which approximate the 
first four equations (III.61) in the neighborhood of 2)»—become 


0p|W| sn@ 00\ | 
o|W| Op 
|W|——- + va 0, 
|Wi? | op 
Ran 
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On the wave surface 2), equations (III.61) can therefore be replaced by 


50lW 6 66 
P| ly a(S +) =0, (a) 


ol on 
o|W 
wi (2 +0 


*) ~0, (b) 


wr 6(2P) =o (c) (II1.65) 
Nn 
és 


ja 


“N 


|W] (=) = S(6,m=0). (e) 


Moreover, on Xo, we have the relation between the differential operators 


1d_d = COs o + sin a 
Rody dr OS "5 "on 
which, applied to the pressure f and the deflexion 0, gives 

“N “N 
1 dp Op . ,Op 

TF = uF pF of 

R, dy = cos i + sin fa, (f) 

; (111.65) 
1 dé 


06 . oO 
= COs ia + sin 4 (g) 


Ry dy én’ 


Finally, the dependence of p in (v, s, m) gives on Ly 


ép\ .,(dp\ . (dp\ (as dp \ (dm 
(a) o() «(®)(@) +. (2)(@) (h) —(III.65) 


where ¢? is the velocity of sound in the nondecomposed explosive, brought to 
the state produced downstream of the ignitor shock. 
The elimination of the six differentials 
YN IN ON DN NN ™ 
00 Op Op Oop os dom 
én’ én’ al’ Al’ Al’ Al’ 
taken in the downstream state of Xo, from the eight linear equations (III.65) 
leads to the two relations 


~2 ee NT oe 
i Om £|W| R_ sin # cos F r 
% (1 - ¢ ) a db 111.66 
\W/? one sin 4 dy (111.66) 
ee 
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In the second equation of (III.66), with reference to the quantities marked ~ 
other than (0 log |W)|)/cl, it is convenient to: 


e note the presence of the rate of pressure variation at the start of de- 
composition 0p/dm (which depends on the mixture law between initial 
compressed medium and decomposition products) and the reactivity at the 
start of decomposition S$; and 

e stress that the other dimensions marked “, as well as their derivatives in 7, 
are perfectly defined based on |W,| and 7 by the jump relations (1.29) put 
In equivalent form 


é — €y = 4(6 + Po) (Vo — 9), (a) 
£ — Po = 6|Wol?(¥o — 6) sin’ n, (b) 
Ww.) (II1.67) 
cotan 6 = (tan n) (Alot — 1), (c) 
P — Po 


|W? = |Wol? — (6 — po)(vo + 6). @) 


In the case of an autonomous simple detonation defined above by (III.29), the 
velocity-vector W, having decreased in modulus from |W,| to |W| across the 
ignitor shock Xo, increases again when we move away from XX, on the flow 
line so that we can admit 

ee 

0 Log |W 

oboe WI _ 9, (111.68) 
ol 
Taking account of the definition (III.64) of R;, the two equations (III.66) lead 
to the differential equation in n(f) 


A <~ c f) 
sin n en dg 2 ©? cota Al=— ep —— m (111.69) 
sing dr{ dy |wy\? dn J 


the behavior of which will now be examined at the limits f = 0 and f = @/2 
of the integration interval. 

At point A, where X, intersects the symmetry axis, 7, and 4, coincide and 
equal 7/2, the deflection 6, is 0, with the result that the jump relations have 
the form, directly deduced from (1.29) and (1.30) 


Ex — €o = 3(Pa + Po) (Vo — ba), 


Pa — Po = Po|Wol?(vo — 6,4), 
PolWol = bal Wl, 
|Wol? — |W,l? = (pa — Po) (Vo + ba). 


(111.70) 


In the neighborhood of A, let 7 = —z/2 — € with ¢ > 0; the expansion of 
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(III.67)—taking account of (III.70)—leads to 


+18 - v 
2 by 
, (III.71) 
dé _ Yo 
dy ON 
dé , p — dp\ |~ 
(*) = 2(cotan n)(6 — po)| - (= Pe) | (st) , 
dy b — Uo dé 
Noting that the definition (ITI.64) of the curvature 1/R,; leads to 
E 1 
~~ —{—}], III.72 
leo (:) A ( 
the equation (III.69) gives at fr = 0 
a) 1 S, 4) 
sa) =m =a | Aq LB (P — Po) # 0. 
(s aA (Rs)a 2|Wo| LOm ° (p=pa,s=$4,m=0) 


Let us now consider the flow in the neighborhood of the point of & where 
f = @/2. Experiment shows that, in the adjacent medium “m” a shock wave 
2, Duilds up which accompanies 2, in the absolute frame of reference. The 
relative flow in “m” is thus characterized upstream of =,, by a relative veloc- 
ity-vector W,, = W,. Downstream of 2,,, a state is established which should 
satisfy both the shock relations across 2,, and the compatibility relations 
with the explosive undergoing decomposition along the “partition” which is 
constituted by the flow line passing through I. 

Under these conditions, discussion of the existence of a solution of (III.69) 
on f € [0, @/2] leads to the introduction of two critical values for |W,|: 


e one, D,, is independent of @ but dependent on the adjacent medium such 
that ]D,, D,] is the interval for which the state in I downstream of X, 
confirms §, > s'; let 7,(|Wo|, “m”) be the co-incidence in I resulting from 
this adaptation to “m”; and 

e the other, Dj, is dependent on @ but independent of “m” so that ]D,, D,] 
is the interval of variation of |W | for which (III.69) is regularly integrable 
from f = 0 to f = @/2; let 7;(|Wol, @) be the co-incidence in I resulting 
from this integration. 


So, for a cartridge with a given radius @/2 surrounded by a medium “m,” 
two situations can arise, depending on whether the representative curves of 
the variations of 7; and yn; according to |W,| do or do not have a common 
point. 

If they do, there exists a value of |W o| (whose uniqueness is borne out by 
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current experiment) linked to the diameter @ of the cartridge. Note that the 
measurement of |W,| is a well-established measurement and is essential in 
the dynamic characterization of an explosive substance. 

If they do not, we must conclude that the explosive considered, enclosed 
in a cartridge of diameter @, and surrounded by a medium “m” cannot be 
the seat of a detonation of the type postulated at the start: a shock wave XZ, 
followed by a reactive laminar flow. But it is useful to distinguish the two 


possible origins of such an impossibility: 


(a) the greatest possible value of @ of @, such that 


lim |Wo|l(@) = D.(“m”), 
Dn Ge 
then the impossibility of propagation for @ < ©, is linked to the non- 
existence in the explosive, in the vicinity of “m,” of a shocked state 
guaranteeing ignition on the boundary (s, > s'); and 
(b) the greatest possible value of @ is @, such that 


lim |Wo|(O) = D.(@e): 
DN ws | 


then the impossibility of propagation for @ < @% is linked to the non- 
existence in the explosive, in its entirety, of a regular flow of the type 
postulated. We can assume that the values Di, and @ are critical values 
starting from which the flow bifurcates towards more complex forms 
(Spinning detonations). 


It is also useful to note that the presence of the quantities bp/om and S in 
the second member of the differential equation (III.69) explains why the form 
of the curve |W,|(@) can depend very considerably (see [1], [2], for example) 
on the chemical nature of the explosive substance, at the molecular scale as 
well as the mesoscopic scale. 

The preceding reasoning brings in the differential equation (III.69) with- 
out however necessitating its effective solution. Nevertheless, this solution 
becomes useful in interpreting the experimental curve |W,|(@). A calculation 
given in Appendix D shows how, based on the last three equations (III.67), 
(111.69) can be put in the form 


dy sind, S$ a 

— + + | = Log (p — po) =0, 
df 2r |Wo| Lom BAP — Po (p=, s=8,m=0) 

A _ A —j 
i448 aa ES 
v ; 
% cos” y+ sin? n 1+ —tan? » + ~2 1 + —° cotan? 7 
Vo 6 6 


(III.73) 


When we substitute for (III.67a) a linear relation between the relative normal 
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upstream velocity U and the absolute value u of the jump of normal material 
velocity of the form U = A + Bu, then explicit writing in g of the quantities 
marked ~ becomes possible (see Appendix D) as a function of |Wo|, 7, A, and 


B by 
Pp — Do dp 7 1 |Wol . 1 
1— —| =1+- — 
| pot +3( A snn—t) , 
(111.74) 

b A 6 B-1 A 
B( 1——])=1-_——— = -—-=—— +3. 
Vo |W | sin 4 Vo B B|W,| sin 


Since the values of A and B are accessible through experiment, we can 
consider studying the extinction (or bifurcation) according to the kinetic 
parameter 


» a ; : 
§x| 2 Logo — po)| (p = p, s = §,m = 0), 


and in particular as a function of the parameters of the aggregate state of a 
composite solid explosive substance. 

Since the work of Jones [26], Eyring et al. [19], and Wood and Kirkwood 
[40] over thirty years ago, the existence of a critical diameter, and more 
generally the correlation between velocity and curvature or velocity and di- 
ameter, hold the attention of many authors seeking a theoretical explanation 
of the experimental laws. Outstanding among these works are those of 
Dremin, Trofimov, and Savrov (see [18]), who foresaw the alternative be- 
tween simple extinction and bifurcation towards a complex flow, but who— 
for want of introducing the notion of autonomous detonation—stopped 
short of equation (III.69) and the possibilities it offers of an interpretation of 
the influence of the physico—chemical parameters of the explosive on the 
propagation itself. 
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Part Two 
Molecular Mechanisms of 
Explosive Decomposition 


CHAPTER IV 


Sensitivity to “Shock” and 
Molecular Structure 


1. Introduction 


The study of the properties of explosives in relation to their structure as- 
sumes several aspects; one of these consists of the examination of explosive 
decomposition at the level of the molecule. The first process of this kind was 
proposed by Van’t Hoff [1] at the end of the last century. Observing that it 
was the nitration of certain compounds which conferred explosive properties 
on obtained derivatives, properties moreover which were all the more pro- 
nounced because the density in NO, groups was high, he stated: “It is atomic 
bonds of a specific nature which generate the explosive character.” 

Thus the role of structural parameters of the molecule in the phenomenon 
of detonation was introduced. It was very soon clarified by Wieland, who 
defined the notion of explosophore groups. 

The influence of molecular parameters and, in particular, of these groups 
was then considered at the level of two properties: the detonation velocity 
and sensitivity to “shock.” (N.B. In Chapters IV—VI, the inverted commas 
round the word shock underline the fact that it does not refer to shock in 
the strict sense of Chapter II, but rather to any form of sudden mechanical 
stress.) It seems however that until the 1960s, this consideration was limited 
to the thermodynamic characteristics (energy of formation, etc.) of the mole- 
cule, the explosophore groups often only occurring through the mass, or the 
total formula of the compound. 

It was not until the development of experimental—and in particular, spec- 
troscopic—techniques, and the theoretical support (quantum mechanics, 
molecular shocks, exciton theory, etc.) which is indispensable in the analysis 
of the data provided by these techniques that there was a return, in a practi- 
cal way, to an examination of the relationship between molecular structure 
and explosive properties. 

Today it is clear that the essential difficulty lay in the method of tackling 
the problem, that is to say, in the choice of a measurable quantity which is 
unequivocally linked to the first step in the generation of detonation. The 
chosen parameter in the majority of studies was the sensitivity to “shock” of 
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the substance, represented by the energy of the “shock” capable of inducing 
a certain probability of reaction in a specific explosive. 

First, then, it is a question of extracting from the abundant literature the 
data which pertain to sensitivity to “shock.” In fact, while the existence of a 
detonation velocity which is characteristic of every explosive composition 
has been established for a long time, sensitivity remains a feature which is 
both relative and ambiguous. The numerical value assigned to it depends 
almost as much on the explosive itself as on the conditions (physical state, 
operating protocol, external environment) in which it is found. Moreover, if 
the term “pyrotechnic sensitivity” means the more or less pronounced ability 
of an explosive to decompose through the action of external stresses, the very 
diversity of the nature of those stresses leads to consideration of different 
types of sensitivity. Indeed, there is one sensitivity defined by its type of 
aggression (friction, “shock,” heat flow, shock wave, etc.). 

Next, an experimental scale must be defined which can serve as a reference 
to different studies. In fact, sumply describing the different “shock” hammers 
[2], [3], [4] reveals the extent to which, when a laboratory publishes a value 
of sensitivity without stating, if not the machine used, at least the chosen 
percussive mass or the operative characteristics of the test (glass-paper, con- 
finement of the explosive, encapsulation, etc.), this result is difficult to sit- 
uate in the collection of existing values. Moreover, when this information 1s 
known, it can be seen that the way in which results are analyzed is a deter- 
mining factor: the number of trials carried out, the sequence used to de- 
fine successive heights [5]. In addition, knowing the percentage of the tests 
judged to be positive which have been taken into account when determining 
this sensitivity is very important. It is, in fact, deceptive to compare sensi- 
tivities which correspond to different percentages of reaction [H (50%) 4 
H (30%) ]. 

In the case of the nitro secondary explosives studied in this chapter, we 
give in Table IV.1(a) a scale which is the result of an analysis of the works 
referenced from [6] to [11]. In establishing this scale, account was taken of 
the aforementioned difficulties. 

The explosives whose developed formulas are given in Table IV.1(b) are 
characterized by their figure of insensitivity (F.I.), which was first demon- 
strated by Rotter. This quantity contains implicitly the comparison of the test 
result with the result of the same test carried out on an explosive used as a 
control. It is in fact defined as follows: 

Oo 
FI. (n%) = go Hn) 
Ag(n7%) 
In this expression, H is the height of fall which gives a certain n% probability 
of decomposition, independently of the rate of that decomposition. [Hg] 
characterizes a certain batch of cyclonite (RDX), tested in the same condi- 
tions, and serving as a reference. 


Sensitivity to “shock” 


1. Introduction 


Table IV.1(a). Experimental scale of “sensitivity to shock” of the 
main explosive molecules, divided into three groups. FI. is the 
shape of insensitivity; expanded formulas are given in Table I'V.1(b). 
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2. Concept of Explosophore Group 


The most direct way of considering the influence of the molecular structure 
of the explosive on sensitivity consists of taking into account its atomic com- 
position. In fact, at the 6th International Symposium on Detonation held 
in 1976 a correlation between the sensitivity to “shock” of a substance and 
its atomic composition was effectively formulated for a large number of 
explosives. 

Due to Kamlet [12], the study presented rests on the notion of families 
arbitrarily defined in such a way that they bring together explosives which 
are characterized by some type of decomposition mechanism. It underscores, 
within each family, a linear relationship, which is statistically significant tak- 
ing account of the number of explosives tested, between the “50% height of 
fall” logarithm and the values of an oxygen balance defined as follows: 


BO. = 100(205 — &y — 2% — 2%c00) | 

M 
M being the molecular mass of the product, «, the number of 7 atoms present 
in the molecule, and ago the number of carboxyl groups. 

In Table IV.2 we show the linear relationships obtained for four families 
of compounds, [12], [13], as well as the number of explosives considered in 
each family in order to establish these relationships. 

Note that in this work, the authors are sketching out an analysis of the 
causes which are capable of explaining, at a molecular level, the differences 
observed between the sensitivities of compounds which are neighbors by 
their structure, without formulating any simple interpretation of the observed 
correlations. The sole conclusion is that differences of sensitivity which have 
been observed between aromatic compounds are attributed to inter- and 
intramolecular oxidizing actions which are selective at the level of certain 
groups. 


Table IV.2. Relationship between oxygen balance and height of fall entailing 
decomposition in 50 cases out of 100: H (50%). 


Number of 
compounds 
Log H (50%) studied 
Nitramines 1.372—0.168 B.O. 45 
Nitric esters 1.753-—0.233 B.O. 28 
Nitroaromatics without CH group in position 
a of one NO, 1.33-0.26 B.O. 11 


Nitroaromatics with CH group in position 
a of one NO, 1.73—0.32 B.O. 21 
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It was the observation that the nitration of compounds such as aromatic 
carbides, alcohols, or amines conferred explosive properties on obtained de- 
rivatives, and that these properties are more pronounced, the greater the 
density in NO, groups, that led Van’t Hoff [1] to situate the origin of the 
explosive nature of nitro compounds in the NO, group. By generalizing to 
other groups, he stated: “It is atomic bonds of a specific nature which give 
rise to the explosive character.” These bonds, thirteen in number at the time 
of Van’t Hoff, belong to the chemical groups which, in 1909, Wieland named 
explosophore groups. Among these groups, for example, there are the nitro 
(NO,), nitroso (NO), azido (N;), perchloryl (C1O3), and azo (~N==-N—) 
chromophores, etc. | 

The prominence given to the special role of these groups under high pres- 
sure is however quite recent. It will be illustrated by the work of Owens and 
Sharma [14], [15] who show that, in the case of nitro explosives, it is always 
the bonds belonging to the R—-NO, group which are preferentially per- 
turbed by “shock.” 

The two techniques used to this end are X-ray photoelectron spectrometry 
(XPS) and electron paramagnetic resonance (EPR). 


Results Obtained by XPS 


The principle of XPS spectroscopy consists of bombarding the sample with 
X-rays of a known hv energy and measuring the distribution of kinetic energy 
of the emitted photoelectrons. 

Taking account of the equation of conservation of energy 


E, = hv — imV?, 


an XPS spectrum reveals E, energies of all the electronic levels of the differ- 
ent atoms of the molecule as well as the number of electrons occupying these 
levels. Moreover, for a given electronic level of an atom, the value of E, 


Before ‘‘shock”’ After “shock” 


Nitro_N Amine .N Nitro_N Amine _N 


410 405 400 
Bond energy (eV) Bond energy (eV) 


Figure IV.1. Changes under “shock” of the XPS spectrum of cyclonite. Under 
“shock,” a decrease in intensity is observed of the peak relative to the nitrogen of the 
nitro group in comparison with that of cyclic nitrogen, Ref. [18]. 
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depends on the chemical environment of that atom. Thus, for example, in the 
case of cyclonite (RDX), the bonding energy of the 1s electron of the nitrogen 
atom carried by the NO, group is greater by 5.5 eV to that of the Is electron 
of the nitrogen atom which belongs to the cycle. 

The principle of the experiments carried out by Owens and Sharma con- 
sists of comparing the intensity of the peaks relative to each nitrogen atom 
before and after “shock.” An illustration is given in Figure IV.1 of the results 
obtained in the case of the 1s electrons belonging to the two types of nitrogen 
in cyclonite. From such experiments it emerges that the only modifications 
are observed at the level of the peak relative to the nitrogen of the NO, 
group. In fact, the intensity of this peak, which is equal at rest to that of the 
other nitrogen, diminishes by 14% after “shock” in comparison with the 
latter. 

This result makes evident the splitting under high pressure of the bond 
linking the explosophore group to the rest of the molecule, the number of 
molecules affected being in the order of 14% of the total molecular 
population. 


Results Obtained by EPR 


Owens and Sharma completed their investigation by giving prominence to 
the appearance of paramagnetic species at the time of “shock.” The nature of 
these species is determined with the help of EPR. The signal obtained is, as 
much by its form as by its position and the number of its constituent ele- 
ments, identical to that of the NO, radical which was theoretically reconsti- 
tuted by Schaafsma [16], [17]. This result thus brings a second confirmation 
of the release of the nitro group under “shock” in the case of cyclonite (RDX). 


3. The Case of Nitro Explosives 


The special role of these explosophore groups under high pressure having 
been perceived, the next stage consisted of linking, through sensitivity to 
“shock,” the conditions of generation of detonation to the release of these 
groups. In the case of nitro explosives, this came down to establishing a 
correlation between this sensitivity and the more or less pronounced facility 
which these molecules may have in releasing NO). 


3.1. Sensitivity to “Shock” and Amount of NO, Released 


A first approach, proposed by Cherville et al. [20] consists of comparing this 
sensitivity to the quantity of NO, formed without judging what mechanism 
might be at the origin of this release. This quantity is assessed by the radio- 
chemical yield of production of NO, (Gyo,) which measures the number of 
NO, molecules formed per one hundred radiative electron volts absorbed in 
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Figure IV.2. EPR spectra of: (a) penta-erythritol, (b) cyclonite (RDX), (c) octogen, 
(d) tetryl, irradiated and studied at 77 K, Ref. [2]. Comparison with the EPR spec- 
trum of NO, in a crystalline medium theoretically reconstructed by Shaafsma, Ref. [19]. 


one gram of explosive. It should be stressed that the yield thus defined is 
independent of the mass dose absorbed, but that its value nevertheless de- 
pends on a possible distribution of the absorbed energy between the phenom- 
enon of NO, release and other phenomena. 

Since the work of Leverd [21] on the one hand and Darnez and Paviot 
[22] on the other, have shown that the nature of the final products of the 
radiolysis of cyclonite (RDX) is independent of the nature of incident radia- 
tion, radicals are obtained by irradiation in a vacuum at 77 K of explosives 
in a polycrystalline form, with the help of gamma rays produced by a ©°Co 
source with a dose rate of 1 Mrad/h. 

The radicals formed are characterized by EPR. The choice of this method 
is explained by the fact that the concentration of the species formed is direct- 
ly proportional to the surface of the signal. Figure IV.2 brings together the 
EPR spectrum of NO, theoretically reconstituted by Schaafsma, as well as 
those obtained by Cherville and his colleagues in the case of penta-erythritol, 
cyclonite, octogen, and tetryl. 

If N represents the number of spins per gram of irradiated substance for a 
deposited radiation dose D (expressed by electron volt), Gyo, is given by 


N x 100 
D (eV) © 
The results obtained for eleven explosives belonging to the three secondary 


nitro families are given in Table IV.3. Examination of this table, in which the 
explosives are classified in order of decreasing sensitivity to “shock,” leads to 


Gyo, = 
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Table IV.3. Number of molecules of NO, formed by irradiation of 
one gram of explosive with a dose of 1 Mrad; corresponding radio- 
chemical yield Gyo,. The explosives are classified by order of 
decreasing sensitivity to “shock.” Refs. [25], [29]. 


No. of NO, molecules formed 


Explosive per gram of irradiated explosive Gyo, 
Nitrocelulose (10.8) 16.9 x 10!” 2.70 
Penta-erythritol 23.8 x 10!’ 3.80 
Cyclonite (RDX) 5.6 x 10?’ 0.90 
Octogen 5.0 x 10?’ 0.80 
Haleite 1.9 x 10!” 0.30 
Nitroguanidine 0 0 
Tetryl 3.7 x 10!° 0.006 
Tetranitroaniline <10!5 <0.001 
TATB 6.2 x 1015 0.010 
Trinitrophenol 1015 <0.001 
TNT <10'5 <0.001 


two conclusions: 


(a) 


(b) 


the three explosive families considered differ significantly in value, indeed 
in the order of the magnitude of the Gyo,; thus the very sensitive explo- 
sives (nitric esters) have a Gyo, > 1, the explosives which are barely sen- 
sitive (nitroaromatics) have a Gyo, < 10-7, and nitramines occupy an 
intermediate position; 

the only consideration of the quantity of NO, formed is not sufficient to 
account for the scale of sensitivities to “shock”, as shown below: 


haleite, whose sensitivity is of the order of that of tetryl (Guo, = 0.006), 
has a Guo, of 0.3; 

tetranitroaniline, whose sensitivity is similar to that of tetryl, has an 
almost nil Gyo, (like that of TNT, for example); and 

TATB, which is less sensitive than all these explosives, has a Gyo, of 0.01, 
that is to say, higher than that of tetryl. 


The conclusion of this work then is that the assessment alone of molecular 


decomposition, examined at the level of the explosophore group, is not suffi- 
cient to explain the sensitivity to “shock” of the substance. 


3.2. Sensitivity to “Shock” and Conditions of Release of NO, 


The preceding considerations focused on the ability of the molecule to re- 
lease the explosophore group globally, without prejudice to the factors which 
work towards it at the level of this molecule. This power is looked at in more 
detail below: 
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e by considering the tendency to separate this group from the rest of the 
molecule, taking into account the values of the bond energies R—NO,; 
and 

e by evaluating the ability of the molecule to harness the energy necessary 
for this decomposition. 


Linking sensitivity to “shock” to the value of molecular bond energies is a 
logical step which has been the object of many studies. In the hypothesis of 
the preferential release of the explosophore group, consideration of this en- 
ergy should, in the case of nitro explosives, be made at the level of the bond 
linking NO, to the rest of the molecule. By keeping to the big families, the 
differences in sensitivity of the nitric esters, nitramines, and nitro-aromatics 
can in fact be attributed to the differences observed between the values of the 
bond energies O—NO,, N—NO.,, and C—NO, [24]. 

In order to verify whether in fact this relationship exists in the case of 
molecules belonging to the same family, the nitramine bond energy of cyclo- 
nite (RDX), octogen, and tetryl has been determined by mass spectrometry 
with an electronic impact source [25]. The threshold energy of an NO3 ion 
produced by electronic bombardment is, in fact, equal to the sum of the 
dissociation energy E of the bond N—NO, and the ionization energy of 
NO, in NOZ [26]. 

The ionization energy of NO, being constant [27], the determination of 
the energy of these bonds by that technique comes down to the measur- 
ing of the threshold energies of the NO ion. Examination of the values 
obtained: 


e cyclonite E (N—NO,) = 75.6 kcal/mole; 
e octogen E (N—NO,) = 54.9 kcal/mole; and 
e tetryl E(N—NO,) = 47.9 kcal/mole; 


is sufficient to illustrate that this energy cannot be correlated on a one-to-one 
basis with the sensitivity of the explosive. Paradoxically, in fact, it can be seen 
that it is the most sensitive explosive which has the strongest bond energy 
N—NO,. 

The above values of Gyo, show the ability of the molecule to release a 
specific group. In the works [23], [25], [28], [29], this ability has been com- 
pared to that of the substance to harness the incident energy necessary for 
this release. This comparison leads to a definition of the idea of “selective 
utilization” of the incident energy at the breaking of a particular type of 
bond. 

The ability of the molecule to harness incident energy is assessed by 
determining the probability of reaching the electronic levels contained in a 
given energy interval (Eo, E,,). This potential is measured by the yield 
Grex of excited molecules for a certain amount of energy deposited per 
molecule. Where this energy is taken to equal 100 eV, this yield is expressed 
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in the form [18], [19] 


df 


100 { Fe 
Gyx(Eo, E,) = = | ——— > 
EX\*-0 7, Eo E _ E, 


where Z is the number of valence electrons in the molecule, and df is the 
differential oscillator force associated with each electronic transition of am- 
plitude E — Eo. 

It has been evaluated experimentally by the study of UV absorption spec- 
tra and, theoretically, by the use of the methods of quantum chemistry. How- 
ever, the theoretical determination has the advantage of considering the 
molecules in their crystalline form and allowing every excitation level to be 
taken into account. In this case, the values of Gzy(Epo, E,,) are determined 
by carrying out a summation on each of the levels E,, w being the number 
of levels considered 


100"  f, 


Gex(Eo, E,) = 7 — E _E- 


In this expression f, is the oscillator force of an electronic transition cor- 
responding to the excitation of an electron from the fundamental state E, toa 
given electronic state n. 

The theoretical method used by Leverd [21] in the case of cyclonite and 
of octogen, and by Delpuech [25] in the case of 15 molecules belonging to 
three families of nitro secondary explosives, was the semiempirical method 
CNDO-2S/CI [30]. In the first-mentioned work, the @ number of excited 


Table IV.4. Theoretical yield of excited molecules 
Gex computed by the CNDO-2S/CI method. 


Explosive Gex Gex/Gex (hex) 
Nitroglycerine 0.318 0.80 
Dinitroglycerine « 0.298 0.75 
Dinitroglycerine B 0.287 0.72 
Penta-erythritol 0.346 0.87 
Cyclonite (RDX) 0.398 1.00 
6 Octogen 0.404 1.02 
B Octogen 0.410 1.03 
a Octogen 0.409 1.03 
Haleite 0.422 1.06 
Nitroguanidine 0.538 1.35 
Tetryl 0.615 1.55 
Tetranitroaniline 0.622 1.56 
TATB 0.800 2.01 
s. trinitrobenzene 0.832 2.09 


m. dinitrobenzene 0.902 2.27 
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levels under consideration is limited to 20. In the second, every level whose 
difference of energy from the fundamental state is lower than or equal to 
10 eV is considered; the results thus obtained are given in Table IV.4. 

Upon examination of these results, it is seen that the yield of excited 
molecules varies markedly from one explosive family to another. If cyclonite 
(RDX) is taken as a reference, the molecules which belong to each of the three 
nitro families have fairly similar G,, values: 


0.70 < Gex/Ggx (RDX) < 0.90 in the case of nitric esters; 
1.00 < Gpx/Ggx (RDX) < 1.35 in the case of nitramines; and 
1.50 < Gpx/Gpx (RDX) < 2.30 in the case of nitroaromatics. 


It can also be seen that the molecules which have a low Gg, have a high 
Gyo, and conversely, the more sensitive the family, the greater the Gyo, /Gex 
ratio. Thus the explosives which are not very sensitive (with a low Gyo,) have 
a higher Ggx which represents, for example, 90% of the excited molecules in 
nitrobenzene. On the other hand, the very sensitive nitric esters (with a higher 
Gyo,) have a low Ggx. Finally, the nitramines occupy an intermediate posi- 
tion in both cases. 

Altogether these results lead to the conclusion that sensitivity may depend 
not on the quantity of energy absorbed by the molecule, but rather on the 
effect of this absorption on a particular type of bond. This hypothesis leads 
on to an examination of the influence of electronic structure on sensitivity to 
“shock.” 


CHAPTER V 


Sensitivity to ““Shock”’ and 
Electronic Structure 


1. Electronic Structure in the Fundamental State 


1.1. Introduction 


The influence of the electronic structure of explosives on the birth of the 
detonation regime is introduced quite naturally if it is noted that the rapid 
conversion of the energy stored in chemical bonds into the kinetic energy of 
decomposition fragments depends on the changes which must be brought 
about in the molecular electron levels in order to produce this conversion. 

The study of these changes requires first of all a definition of the parame- 
ters able to account for them, 1.e., among the electronic characteristics of the 
explosive molecule, those which are definitive for moving from state 1 to state 
2 under the effect of an external energy supply (see Fig. V.1). 

The first type of approach consists of studying the electronic structure of 
these compounds in the fundamental state. This structure may, in fact, be 
thought to play a role, not only in the ability of the molecule to harness 
energy, but also in its response to excitation. It is from this perspective that 
certain authors have studied the electronic structure of molecular explosives 
and others have established the band-structure of azides. 

Section V.1 is devoted to the approaches used to correlate this electronic 
structure to sensitivity to “shock.” It will be seen as we go along that simply 
considering this structure in its fundamental state does not explain the scale 
of sensitivity to “shock,” whatever the parameter considered. 


1.2. Distribution of Electrons in the Isolated Molecule 


Determining the electronic structure of explosive molecules means employ- 
ing the methods of quantum chemistry, which aim at solving the Schrodinger 
equation of the system. Due to the dimensions of the molecules under consid- 
eration (the cyclonite (RDX) molecule, for example, is made up of 24 atoms 
and 114 electrons), such a solving makes it necessary to set up approxima- 
tions. Since the Hamiltonian is fixed, the problem consists first of defining the 
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E, = activation energy 
Er = reaction energy 


State 1 


State 2 


Q Q O (reaction 
1 2 ; 
coordinate) 


Figure V.1. Reaction path allowing passage from state 1 to a more energetically stable 
state 2. 


type of wave function likely to represent the system. The Born and Oppen- 
heimer approximation leads to a division of this wave function into two 
parts, one relating to nuclei, the other to electrons. The polyelectronic wave 
function is then constructed by considering monoelectronic orbitals as linear 
combinations of atomic orbitals—the LCAO (Linear Combination of Atom- 
ic Orbitals) approximation [32]. 

Calculating the energies associated with each molecular orbital requires 
the evaluation of a large number of terms. Therefore, the aim of semi- 
empirical methods is to introduce devices which are capable of reducing the 
volume of these calculations and minimizing the secondary effects of these 
devices, by attributing numerical values to a certain number of integrals so 
that the results of the calculations are adjusted to fit the experimental data. 
However, the choice of any semiempirical method should take into account 
the type of structural property studied [33], since the parametrizations ap- 
propriate to each one actually make it more or less suited to the study of 
some characteristic or other (energy, geometry, dipole moment, etc.). 

Thus it appears that, apart from some studies which call on the extended 
methods of Huckel [34], the majority of works use INDO (Intermediate 
Neglect of Differential Overlap) or CNDO (Complete Neglect of Differential 
Overlap) methods. In fact, these methods, proposed by Pople et al. [35], [36], 
have the advantage over other methods which look at orbitals including all 
the valence electrons, of being better suited to the determination of electronic 
densities. 


It is noteworthy in the literature that this type of approach has been used 
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frequently only on a limited number of explosives [21], [37]. Thus, taking 
into account the approximations which govern them, the results obtained by 
applying these methods have no real meaning except in a relative sense. That 
is why only the studies which looked at a consequent number of molecules 
will be considered here, i.e., those of Delpuech and Cherville on nitramines, 
nitroaromatics [23], nitric esters [38], tetrazoles [25], and picrylazoles [39], 
those of Haskins on tetrazoles [40], and those of Schroeder on tetrazoles 
[41] and picrylazoles [42]. 

The majority of these studies consider the isolated molecule. In these 
conditions, the only data necessary for calculation are the coordinates of all 
the component atoms of the molecule in the configuration studied. Depend- 
ing on the explosive group concerned and according to the authors, the 
molecular configuration was treated in different ways. In the case of nitro- 
aromatics and nitramines, Delpuech and Cherville examined the molecular 
configuration as it appeared in the crystal; from a practical point of view, this 
limits the study to molecules whose crystalline structure 1s known. In the case 
of liquid nitric esters, they determined, using the INDO method, the most 
likely configurations in energy terms by varying bond lengths and angles, 
with the effect of rotations around bonds C—C and C—ONO, being given 
particular consideration [38]. In all the studies relating to tetrazoles, the 
authors had recourse to the standard bond lengths and angles used in the 
semiempirical methods [43]. In the case of picrylazoles, Schroeder [42] ex- 
amined standard structural parameters and limited his study to the nitrogen 
ring, the influence of the picryl ring being ignored. On the other hand, this 
effect is considered by Delpuech et al. [39], notably at the level of the relative 
position of the two rings and their resultant consequences on the orientation 
of the nitro groups. 

Whatever the parameter considered by the different authors to link the 
electronic structure of a molecule to the sensitivity of the substance, all the 
studies consisted at first of establishing the electron distribution affecting all 
the constituent atoms of a molecule. Figure V.2, taken from [25], illustrates 
the charge distribution thus obtained using the INDO method in the case of 
nitro explosives. The charge density q, carried by an atom A is defined as the 
difference between the core charge Z, of this atom and the total electron 
population P, which is localized there 


da = Za — Pay. 


The P, population is equal to the sum of all the electron populations of the 
atomic orbitals “centered” on the atom. The values of Z, are equal, respec- 
tively, to 1, 4, 5, and 6 in the case of the atoms of hydrogen, carbon, nitrogen, 
and oxygen. 


1.3. Influence of the Crystalline Environment 


However, the molecule is indissociable from the rest of the sample. Del- 
puech and Cherville have assessed the effect of crystalline environment on the 
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Figure V.2. Electron charge distribution in the fundamental state obtained by applica- 


tion of the INDO method, Ref. [25]. 


charge distributions explained above [44]. As a result of the authors’ being 
more concerned with the changes brought about in the molecule rather than 
the global properties of the crystal, the method chosen is that developed by 
Bacon and Santry [45]. This method consists of performing a self-consistent- 
field (SCF) perturbation treatment of semi-infinite molecular crystals by lo- 
calizing the orbitals on the molecules which form the network and by treat- 
ing the delocalization on neighboring molecules with a technique based on 


the theory of third-order perturbations. 
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Figure V.3. Effect in percentages of the crystalline environment on electron distribu- 
tion in the molecule, Ref. [44]. 


However, the study is limited to molecules situated in a regular crystal- 
line environment, and focused on crystals of cyclonite (RDX), B-octogen (- 
HMxX), haleite, triaminotrinitrobenzene (TATB), and pentaerythritol (PETN) 
whose characteristics are given in Refs. [46 ]—[49]. The relative variations of 
charge density due to crystalline interactions were established for all the 
constituent atoms of the molecule. Figure V.3, taken from [44], gives per- 
centage values obtained in the case of cyclonite (RDX) and (TATB). It should 
be noted that, in the case of cyclonite (RDX), given the weak charge densities 
of the hydrogen atoms, the values of these variations have been omitted; in 
this case, the relative values actually lose all significance. 

The influence of crystalline environment on the electron distribution of the 
compounds can be shown schematically as follows: 


e In the case of nitramines (haleite, cyclonite (RDX), octogen), there can be 
seen: 


— a positive variation on the oxygens which expresses an electron loss 
(this phenomenon is due to the fact that the strong electron density 
localized on oxygen induces a tendency to create hydrogen bonds and 
charge transfers); 

— a negative variation on nitrogen of the nitro group, that is to say, 
an electron gain resulting from the interaction with oxygens of neigh- 
boring groups; and 

— a greater negative variation on the other nitrogen which, in spite of its 
negative charge, drains a part of the surplus electrons on the oxygen 
atoms. 


e Inthe case of TATB, variations in charge densities due to the environment 
express the different electronic characters of the two groups present on the 
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molecule, acceptor in the case of NO, and proton—donor in the case of 
NH.. A positive variation of charge density on oxygens and a negative 
variation on hydrogens can be observed. Variations in charge density of 
carbon and nitrogen atoms can be explained as the superposition of modi- 
fications due to direct electron transfers between the nitrogen atoms of 
NO, and hydrogen atoms of NH,, and those which result from a distribu- 
tion over the whole C—NO, or C—NH, group of the loss or gain of 
electrons on the oxygen or hydrogen. This distribution 1s the result of 
electron delocalization due to the benzene ring. 

e In the case of penta-erythritol, at the level of the NO, groups, the effect of 
the environment on electronic structure is analogous to that observed in 
the case of nitramines. The “ester” oxygen itself undergoes a negative vari- 
ation in charge density, and therefore an electron gain. 


When these analyses were made, the most significant result of this study 
was that the effect of crystalline interactions on charge density carried by the 
different atoms is very slight. From this point of view, then, it is possible to 
assert that at the level of electron distribution, this effect is considered when 
calculations are carried out on an isolated molecule looked at in the configu- 
ration which it occupies in the crystal. 


1.4. Electronic Structure Before Excitation 


The effect of molecular electron distribution in the fundamental state on 
sensitivity to “shock” can be seen from two angles: 


e the ability of the molecule to absorb incident energy; and 


e the ability of this molecule to focus energy on particular types of groups or 
bonds. 


Electron Distribution and Energy Absorption 


This aspect, in particular, was studied by Haskins in the case of six tetra- 
zoles substituted in position 1 [40]. He looked for a correlation between the 
total electron population of the nitrogen cycle and the sensitivity of these 
compounds. The deficient or excess nature of this population was assessed 
through the electronegative character of the substitute, characterized by its 
charge. The results obtained by applying the EHMO method are quoted in 
column 1 of Table V.1. In this table, the explosives are classified in order 
of decreasing sensitivity to "shock.” On examining these values, there ap- 
pears to be no direct correlation between the two scales. Thus, for example, 
whereas the presence of the nitro group leads to an electron deficiency in 
the nitrogen ring greater than that which is due to the azide group, all the 
experimental results lead to the conclusion that nitrotetrazole has a lower 
sensitivity than azidotetrazole. In the course of this work, Haskins studied 
the nitrogen—nitrogen bond energies in B position of carbon. These bonds 


1. Electronic Structure in the Fundamental State 131 


Table V.1. Developed formula and electronic characteristics of six 
tetrazoles substituted in position 1. Ref. [40]. 


Overlap population 
Electronegative character of N—N bonds in B 
Explosive of the substitute of the substitute 
Azidotetrazole | — 0.197 0.829 
Nitrotetrazole — 0.368 0.856 
Nitraminotetrazole — 0.362 0.831 
Tetrazole +0.043 0.840 
Aminotetrazole — 0.077 0.824 
Methyltetrazole + 0.047 0.832 
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are, in fact, those whose rupture was first observed at the time of the decom- 
position phenomena studied by slow analysis methods. In order to evaluate 
the strength of these bonds, he determined their degree of covalence through 
the overlap population. The value of this population, in fact, expresses the 
contribution in the actual bond of the electrons belonging to the two atoms 
which make up that bond. This is expressed as 
P(A—B)= » > n(A—B)C,C,S,,, 
jeA keB 

(n(A — B) is the number of electrons belonging to the molecular orbital asso- 
ciated with the bond; C, and C, are the coefficients of expansion of this 
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orbital on the base of the atomic orbitals j and k which belong to the two 
atoms concerned; S,, are the overlap integrals of the atomic orbitals). It can 
be seen—column 2 of Table V.1— that the results obtained confirm the con- 
clusions of §IV.3.2, 1.e., there is no simple relation between bond energy and 
sensitivity. 


Electron Distribution and Focusing of Energy 


The effect of electron distribution on the ability of a molecule to focus on a 
particular group was studied by Delpuech and Cherville [23], [25], [29]. The 
authors attempted, in the case of secondary nitro explosives to link the 
release ability of an NOJ ion, to the probability of energy absorption by 
R—NO,, bonds. Since this probability is greater the higher the polarity 
of the bonds, they established, for a large number of molecules belonging 
to nitroaromatic, nitramine, and nitric ester groups, the charge asymmetry 
carried by these bonds. 

This asymmetry is defined as the difference between the charges carried by 
the R and N atoms, respectively, of the R—-NO, bonds considered 


AC* (R—NO,) = qn — Gr. 


The results obtained by applying the INDO method (Table V.2), allow 
two observations to be made: 


(a) Each of the three groups considered is characterized by a polarity 
value of the nitro bonds. This value varies from one group to another, in 
the same direction as the scale of NO, yields (see §1V.3.1) and sensitivi- 


Table V.2. Maximum charge asymmetries 
affecting R—NO, bonds of nitramines 
and nitroaromatics in the fundamental 
state classified by order of decreasing 
sensitivity to “shock,” Ref. [25]. 


Explosive ACh AC. /¢ 
Cyclonite (RDX) 0.905 0.660 
6-Octogen 0.937 0.673 
B-Octogen 0.889 0.650 
a-Octogen 0.902 0.662 
Tetryl 0.841 0.624 
Haleite 0.880 0.676 
Nitroguanidine 0.867 0.642 
Tetranitroaniline 0.673 0.461 
TNX 0.579 0.391 
Trinitrophenetol 0.644 0.435 
s-TNB 0.575 0.391 
m-DNB 0.539 0.364 


TATB 0.820 0.579 
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ties to “shock.” Thus O—-NO, bonds have a polarity value of the order 
of one corresponding to a +0.75 charge carried by nitrogen and a —0.25 
charge carried by oxygen. The N—NO, (0.84 < AC° < 0.94) bonds are more 
strongly polarized than the C—-NO, (AC° < 0.82) bonds all stabilized by a 
resonant cycle. 

(b) On the other hand, if the results concerning molecules belonging to a 
single group are taken into consideration, this correlation no longer holds. 
Table V.2, gives, as an example, the maximum polarities affecting R—-NO, 
bonds of 13 molecules belonging to the nitroaromatic and nitramine groups. 
Consideration of this polarity leads to the following classifications: 


—— in the case of nitramines: 6-octogen (6-HMX), cyclonite (RDX), «-octogen 
(«-HMX), B-octogen (S-HMX), haleite, nitroguanidine, tetryl, 

— in the case of nitroaromatics: TATB, tetranitro-aniline, trinitrophenetol, 
TNX, s-TNB, mDNB. 


It can be seen that neither classification allows for an explanation of the scale 
of sensitivity to “shock” commonly acknowledged for the molecules under 
consideration. It is established, moreover, that taking into account the polar- 
ity values per bond length unit (AC°//) does not reproduce this scale in any 
way. 


The general conclusion of all the studies on the electronic structure of 
explosives in the fundamental state is that no simple relationship is apparent 
between this structure and the sensitivity to “shock” of the substance. This 
can be explained by the fact that if this structure correctly expresses the 
energy absorption capacity, it does not, on the other hand, explain its distri- 
bution. To evaluate this last parameter, a knowledge of the electronic struc- 
ture in decomposition conditions, i.e., after excitation, is essential. 


2. Electronic Structure After Excitation 


2.1. Introduction 


This section relies on studies carried out since 1976 by Delpuech and 
Cherville on changes in electron distribution in the molecule after energy is 
applied. These studies led to the suggestion that the sensitivity to “shock” of 
an explosive should be considered as a molecular property. This suggestion 
resulted from the prominence given, in the case of 40 molecules belonging to 
five different groups, to a very good correlation between the electronic struc- 
ture of a molecule after energy was applied and the response to the hammer 
of the molecule in question. It is based, with the help of quantum chemistry 
methods, on the study of the changes in electron distribution after excitation. 
One possible cause of the lack of correlation between sensitivity to 
“shock” and electronic structure of a molecule in the fundamental state may 
lie in the fact that this structure is not necessarily that of the molecule after 
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“shock,” that is to say in decomposition conditions. In order to approach 
these conditions, the authors looked closely at the different excited states 
likely to exist after energy absorption. 

These states were arrived at by applying the CNDO-2.S/CI method de- 
veloped by Jaffe [30] which theoretically simulates the electron transition 
spectra by determining the energy levels through “interaction” of configura- 
tions. 

The excited states considered are singlet states whose energy difference 
with the fundamental state is less than 7 eV, i.e., are likely to exist in privi- 
leged ignition sites, taking account of the temperatures attained. 

In order to make the best possible evaluation of the different parameters 
involved in this type of method, the results obtained in the case of simple 
molecules (nitramines, dimethylnitramine) were compared to experimental 
electron transition spectra [25]. From such a comparison it emerges that the 
most suitable parametrization is Pariser’s [50]. Calculations were carried out 
by considering an interaction affecting 60 configurations. It was shown that 
this number, which may seem small in relation to the number of configura- 
tions which can be looked at theoretically for the molecules studied (1008 in 
the case of cyclonite (RDX)), does nevertheless explain the wave function 
accurately. On the other hand, it is probable that the results obtained by 
Orloff et al. [51] in a study using the same method in the case of cyclonite 
(RDX) and in which the authors, for programming reasons, considered only 
25 configurations, would be different if this number were greater. 

In order to find the polarity changes between the fundamental state and 
the different excited states, each bond A — B 1s characterized by a relative 
polarity variation in the form 


AC* — AC® 


5(A — B) = 


In this expression AC* and AC° are, respectively, the charge asymmetries 
borne by this bond in the excited state considered and in the fundamental 
State. 


2.2. Molecular Parameter of Sensitivity to “Shock” 


At first, the authors considered molecules belonging to the following three 
groups: nitroaromatics, nitramines, and nitric esters. The study of polarity 
variations of each R—NO, bond, between the fundamental state and all 
excited states considered, led to the following conclusions [25], [29]: 


e these variations are very different according to the excited state considered; 

e in the majority of excited states the R—-NO, bonds show a weaker polar- 
ity than in the fundamental state; and 

e for a given molecule, the different nitro bonds undergo very different maxi- 
mum polarity variations. 


2. Electronic Structure After Excitation 135 


Table V.3. Maximum polarity variations during excitation. Resulting minimum 
charge asymmetries, related for each group to a reference compound [25], [39]. 


AC* AC* AC* 
Explosive Om (%) AC* AC* (N.G.) AC*(RDX) AC*(T.N.B.) 
Nitroglycerine — 49.15 0.625 1.00 
Dinitroglycerine B — 48.73 0.648 1.04 
Dinitroglycerine « —4780 0.651 1.04 
Nitroglycide —4745 0.659 1.05 
Penta-erythritol —45.36 0.670 1.07 
Nitrometriol —45.16 0.691 1.11 
Dimethylolnitro-ethane — 39.31 0.730 1.17 
dinitrate to to to 

—41.41 0.753 1.20 
Nitroglycol —39.47 = 0.753 1.20 
Cyclonite (RDX) —55.10 0.511 1.00 
0-octogen (6-HMX) —46.72 0.602 1.18 
B-octogen (B-HMX) — 36.00 0.727 1.42 
a-octogen (a-HMX) —35.30 0.735 1.44 
Tetryl —23.42 0.786 1.54 
Haleite —26.40 0.846 1.66 
Nitroguanidine —22.08 0.962 1.88 
Tetranitroaniline —16.02 0.518 0.85 
TNX —28.43 0.526 0.86 
Trinitrophenetol —23.72 0.565 0.93 
s. trinitrobenzene —14.77 0.609 1.00 
m. dinitrobenzene —1485 0.612 1.01 


TATB — 34.00 0.620 1.02 


Table V.3 brings together for various molecules the 6,, value of the maxi- 
mum polarity variation as well as the minimum charge asymmetry AC* 
which results from this variation. In the case of the nitric esters, the values 
were obtained by considering all the rotation isomers around the C—O and 
C—C bonds as being probable in terms of energy after excitation [38]. On 
examining these values, it will be seen that the maximum polarity variation 
differs considerably from one explosive to another. 

Thus, for example, in the case of nitramines, illustrated by Figure V.4: 


e Cyclonite (RDX) with high AC° has a negative 6,, whose absolute value is 
high; thus excitation can confer a weak polarity on the bond in question. 

e a-, B-, and 6-octogen (HMX), which have neighboring AC° only slightly 
lower than that of cyclonite (RDX), have 6,, whose absolute value is not 
nearly so high and is more variable from one form to another. The value 
of AC* for the 6 form is distinctly lower than that which relates to the « 
and £ forms. 

e Tetryl, haleite, and nitroguanidine are characterized by a very weak polar- 
ity variation during excitation. The resulting AC* are therefore high; those 
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Figure V.4. Maximum polarity variation of nitramine bonds during excitation. 


of tetryl and haleite, although neighboring, are nevertheless clearly lower 
than that of nitroguanidine which has the highest AC*. 


Thus it appears that if, within each group, the molecules are classified 
according to the minimum polarity which affects one of their nitro bonds 
after excitation, an analogous classification to that of sensitivity to “shock” is 
obtained. The most sensitive explosive has the smallest AC*. This result leads 
to the idea that it is the molecular parameter AC* which determines sensitiv- 
ity to “shock” and which, in particular, makes it possible [38] to: 
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e explain the influence of molecular arrangement on the sensitivity of the 
explosive; 

e establish a single sensitivity scale for liquid and solid compounds; and 

e explain the difference in sensitivity observed in the case of a single explo- 
Sive, according to its physical state. 


This result also leads to the idea that the explosive molecule goes through an 
excited state and that there exists in this molecule a privileged bond whose 
polarity after excitation determines its sensitivity. 

Before examining an extension of these conclusions to molecules without 
a nitro grouping, the following question must be answered: how, using a 
criterion which is solely molecular, can a property which depends largely on 
random factors (grain size, humidity, firing conditions, etc.) be explained? 
Two elements of the answer to this question have been given in [29]. 


(a) The scale resulting from the consideration of this molecular parameter 
coincides with the majority of sensitivity to “shock” tests, but particularly 
with a more pragmatic scale, to which specialists refer when relating the 
sensitivity of one explosive to that of another. Whilst apparently not very 
rigorous, this conventional scale must be taken into consideration, as it does 
in fact result from smoothing through experiment of every random factor 
such as those enumerated above. Thus the language retains only the intrinsic 
value of sensitivity which, not surprisingly, is seen to coincide with a molecu- 
lar criterion. 

(b) The tests considered are those of sensitivity to “shock,” in which every 
chemical reaction that produces noise or smoke is counted as positive. So 
these tests merely record a decomposition reaction index, which explains why 
they coincide well with theoretical hypotheses which take into account pre- 
cisely only the absorption of energy by the explosive molecule. It would be 
quite different had it been decided to refer to the sensitivity to the shock wave 
which is generally measured by the appearance of a deflagration or a de- 
tonation. The test in that case integrates, besides the generation mechanism, 
the entire process appropriate to the crystal studied, to its state, and to 
the ambient conditions which, starting from an identical stress, leads to com- 
bustion, deflagration, or detonation. In this case the existence of a purely 
molecular criterion 1s very unlikely. 


2.3. Notion of Explosophore Bond 


We now return to an extension of the foregoing results to explosive molecules 
belonging to other groups. The tetrazole and picrylazole groups are all par- 
ticularly interesting for the following reasons: 


e in the sensitivity scale, the tetrazoles occupy a place between primary and 
secondary explosives (this position, moreover, explains the interest which 
these compounds have aroused in various countries, which is expressed in 
the large number of studies, theoretical, in particular, [42] [53]); and 
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e among picrylazoles, molecules which are closely related from a structural 
point of view have sensitivities which are sometimes close to those of 
penta-erythritol, sometimes of the order of that of TATB [41]. 


As in the case of nitro explosives, no simple relationship to the fundamen- 
tal state between sensitivity to “shock” and bond polarity in particular, or to 
electron distribution in general, has appeared in the referenced works [39]. 
This conclusion confirms those previously formulated by Haskins for tetra- 
zoles and Schroeder for picrylazoles. On the other hand, the study of 
electronic variations during excitation brings to the fore some interesting 
correlations [29], [39], [54], [55]: 


(a) For the two groups concerned, the maximum polarity variations 
undergone by N—N bonds in the nitrogen ring during excitation are very 
great. As a result, the minimum polarities of these bonds after excitation are 
very weak: less than 0.13 for the nitrogen—nitrogen bonds of picrylazoles, less 
than 0.10 in the case of tetrazoles. 

(b) In the case of tetrazoles, the minimum polarity which is then shown by 
one of the bonds in the f-position of the substitute, i.e., one of the bonds 
which breaks first when decomposition phenomena occur as observed by 
slow analysis methods, as in the case of nitro explosives, correlates perfectly 
with the scale of sensitivities to “shock.” 

(c) In the case of picrylazoles (see Table V.4), consideration of nitrogen 
ring bond polarities does not offer such a correlation. Analysis of the elec- 
tronic modifications shows that during excitation the nitrogen ring plays, 
with regard to the benzene ring, the role of an electron reservoir. This inter- 
ring electron transfer, whose intensity depends on the relative position of the 
two rings, is dominant with regard to the intra-ring electron modifications. 
As a result it modifies to a very great extent the electronic structure of the 
nitro groups of the picryl ring and, in particular, the polarities of C—N 
bonds of the chromophore in the ortho position. Consideration of the mini- 
mum polarity affecting these bonds after excitation confirms the validity for 
these compounds of the AC* parameter as a sensitivity criterion. 

Taken together these studies bring to the fore the existence, in each ex- 
plosive molecule, of a privileged bond whose electronic structure conditions 
sensitivity to “shock.” The nature of this bond is characteristic of the group 
concerned. This is, respectively: 


one of the C—-NO, bonds in the case of nitroaromatics; 

one of the N—NO,, bonds in the case of nitramines; 

one of the O—-NO, bonds in the case of nitric esters; 

one of the C—NO, bonds of the picryl ring in the ortho position of the 
nitrogen ring in the case of picrylazoles; and 

e one of the N—N bonds in £ of the substitute in the case of tetrazoles. 


Study of molecules which possess several types of explosophore bonds 
seems, moreover, to indicate that there exists a bond “hierarchy.” It can be 
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Table V.4. Developed formula of nine 1-picrylazoles. 
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seen, for example, that in the case of tetryl, it is the electronic structure of the 
N—NO, bond which makes it possible to account for its position in the 
sensitivity scale [25 ]. 


2.4. Sensitivity Scale 


The foregoing studies have shown, moreover, that during the fundamental 
state > excited state transition, the relative polarity variation of the exploso- 
phore bonds is very different according to the group concerned. Thus, |6,,| is 
taken to be: 


between 15% and 35% in the case of nitroaromatics; 
between 25% and 55%% 1n the case of nitramines; 
between 40% and 50% in the case of nitric esters; 
between 10% and 65% in the case of picrylazoles; and 
between 75% and 95% in the case of tetrazoles. 


It can be seen that, in the nitramine group where sensitivity varies greatly 
from one compound to another, |6,,| covers a wide range of values; on the 
other hand, it can also be seen that, in nitroaromatics and nitric esters where 
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Figure V.5. Classification of major explosive families according to sensitivity using 
parameter |6,,|. Refs. [39] and [54]. 


sensitivity varies little from one compound to another, the difference between 
the extreme values of |6,,| 1s slight. 

If it is then considered that, in the case of primary explosives, the first stage 
of decomposition is the removal of the valence electron, which is equivalent 
to |6,,| = 100%, it can be seen that this parameter, which characterizes the 
ability of an explosive to decompose, allows exhaustive and continuous clas- 
sification of explosive groups, from primary to the most insensitive secondary 
(see Fig. V.5). 

So it seems possible to define a single molecular criterion of sensitivity 
AC* for all explosives, which implies that the same process precedes the 
decomposition of any explosive, the nature of the explosophore bond being 
dependent on the group concerned. This conclusion is very similar to Shaw’s 
[56], where the difference between primary and secondary explosives is one 
of degree rather than nature. 


3. Conclusion 


The recent developments referred to in Sections V.1 and V.2 demonstrate the 
very good correlation between the electronic structure of a molecule and the 
behavior of a sample under shock hammer. More precisely, adopting the 
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minimum polarity which affects a particular bond in excited states of the 
molecule as the criterion of sensitivity to “shock” makes it possible to: 


e account for the order commonly accepted in practice; 
e establish a single scale for liquid and solid substances; and 
e explain the effects of molecular arrangement and physical state. 


It must be stressed that the very capacity of the model to provide a coherent 
explanation of the various experimental findings justifies, a posteriori, the two 
essential hypotheses: 


e the first stage of decomposition of the molecule is the appearance of an 
excited state; and 

e for every molecular species, there exists a privileged bond which conditions 
sensitivity to “shock.” 


Thus, at the end of this chapter, we appear to be justified in accepting the 
proposition, already well established, that sensitivity to “shock” is a molecu- 
lar property. However, many questions still remain, including: What are the 
subsequent stages which lead effectively to explosive decomposition? Chap- 
ter VI repeats some recent, promising results which shed light on this debate, 
without necessarily bringing it to a final conclusion. 


CHAPTER VI 


Explosive Decomposition 


1. Reaction Mechanisms 


The question which arises is to know how the modifications in electronic 
structure of the molecule, considered under “shock” in the last chapter, may 
be fitted into a mechanism of explosive decomposition. In other words, the 
problem to be solved is that of the effect of these modifications on the condi- 
tions of birth of the detonation regime. This effect may be considered on two 
levels: rupture of intramolecular bonds, and intermolecular energy transfers. 
In fact, the conditions of molecular decomposition are linked directly to 
the electronic state in which it is supposed that the molecule will be found 
after excitation. Moreover, electron distribution over the different bonds is 
one of the principal quantities influencing the transfer of energy between 
molecules [38]. 

Every phenomenon which brings into play the breaking of a bond can be 
described with the help of potential energy surfaces. Knowledge of these 
surfaces tells us, on the one hand, about the nature (dissociative or not) of the 
different electronic states, and, on the other, about the activation energy 
leading to possible decompositions. 

We shall determine first the nature of these states by considering the iso- 
lated molecule. Next we shall emphasize the works of Bardo [57] which show 
the need, in the study of molecular decomposition methods, to look at 
models which consider the molecule 1n its environment. Only by considering 
this environment, in fact, is it possible to look at the effect of high pressures 
on the nature of electronic states and on activation energies. 


1.1. Monomolecular Decomposition 


Determining the dissociative character of the different electronic states of a 
molecule taken as isolated, consists of studying the energy variation of each 
state according to the lengthening of the different bonds. For a given bond, 
a state is dissociative when its energy curve in terms of the bond length 
presents no potential well (antibonding state); it is predissociative when the 
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potential well exists (bonding state), but when the energy curve crosses that 
of an antibonding state in the energy neighborhood of the well. In the case of 
simple molecules (NO, NO,, nitromethane), the energy variation can be de- 
termined using ab initio methods, by solving, for each electronic state, the 
characteristic Schrodinger equation [57]. In the case of more complex mole- 
cules (TATB, cyclonite (RDX), etc.), the use of semiempirical methods no 
longer allows such an approach; determination of the dissociative character 
of different states is based on a study of variations of electron transition 
energies according to bond length [39], [54], [57]. 

Figure VI.1.shows the results obtained by applying the CNDO/2-S/CI 
method in the case of the nitro bond of cyclonite (RDX) [39], whose polarity 
was correlated with the scale of sensitivities to “shock” by Delpuech [25]. 
From these studies it emerges that: 


(a) The polarity of a bond is not linked on a one-to-one basis to its dissocia- 
tive character. This result is in keeping with the observation according to 
which the effect of the value of the polarity of a bond on its energy is weak 
[43], [58]. It can be seen, however, that the electronic state characterized 
by a minimum bond polarity is always, in the case of nitro bonds, a 
dissociative or predissociative state and leads to the emission of NO, 
[39]. In the case of Figure VI.1, for example, if the transitions between 
the first vibrational levels of the fundamental state and the excited state 
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Figure VI.1. Potential energy curves of the N, —N,, bond of cyclonite (RDX), Ref. 
[39]. 
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characterized by a maximum polarity variation are considered, it can 
be seen that they lead effectively to the decomposition of the molecule 
through the intersection of the energy curve of this excited state and that 
of an antibonding state. 

(b) Inside the molecule, excited electronic states of a nondissociative nature 
can exist. 


1.2. Polymolecular Decomposition 


The results which we have just set out for isolated molecules suppose that the 
motion of nuclei is negligible in comparison to the motion of electrons. In 
fact, there is no reason for such an approximation to exist whenever reactions 
occur in a propagation phenomenon. Bardo [59] has shown the effect of 
motion of nuclei in intermolecular splitting processes which involve the NO 
and NO, groups. Furthermore, he calculated the effect of the molecular 
environment on the nature of the different excited states under high pressure. 
This effect is explained by the formation of strong intermolecular bonds 
which, on the one hand, result in the appearance of states of a predissociative 
type, and on the other hand, in a reduction in activation energy. 


Formation of Predissociative States 


The effect of pressure can be considered at the level of the relative position of 
atoms belonging to different molecules. For example, an increase in pressure 
has the effect of bringing together atoms which belong to neighboring mole- 
cules. Under these conditions, an atom linked to a given molecule may, in the 
course of a rotation, form a covalent bond with an atom of a neighboring 
molecule. This process has an effect on the potential energies of the different 
excited states and may lead to the intersection of the curve of an excited 
dissociative state with that of the fundamental state. 

This has been comprehensively studied, using ab initio methods, in the 
case of small molecules [57], [60]. Figure VI.2 shows the effect of considering 
the environment on the splitting of the NO bond. It can be seen that the 
decomposition of this molecule, when it is taken as isolated, cannot occur 
through electron excitation from the fundamental state into the excited state 
?~*; this transition is, in fact, forbidden by symmetry rules. If, on the other 
hand, it is accepted that there is a second NO molecule in the neighborhood 
of the first, then there is an intersection of the curves relative to the excited 
state and the fundamental state. In the case where the distance between the 
nitrogen and oxygen atoms belonging to two molecules assumed to be 
connected is taken as equal to 1.64 A, for example, the dissociative curve 
associated with the *x excited state crosses the associated curve of the fun- 
damental state at the point 100 kcal. This result shows the importance of 
the forbidden transitions, which are ruled out when the monomolecular de- 
composition mechanisms are considered. 
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Figure VI.2. Effect of consideration of the environment on the splitting mechanism of 
the NO bond, Ref. [57]. 


This type of study is very complicated due to the effect on the results 
of the relative orientation of the molecules. Bardo points out, however, that 
the studies on nitrogen peroxide NO,,, nitromethane CH; NO, , nitrobenzene 
C;H,;NO,, nitroaniline (NH,)C,H,NO,, and _ triaminotrinitrobenzene 
C.(NO,)3(NH.)3 show a similar effect of pressure on the electronic states 
considered. Such a similarity suggests to Bardo that the effect of pressure on 
the rate of decomposition reactions is identical in the case of molecules con- 
taining the NO, chromophore. 


Reduction of Activation Energy 


We shall limit ourselves here to stressing the unsuitability of values of the 
activation parameters determined in the gaseous, or even liquid, phase at 
ordinary pressure (weak interactions between molecules), to explain the de- 
composition mechanisms occurring in the detonation phenomenon in the 
condensed phase. In fact, it can be seen that the activation parameters, deter- 
mined by considering the effect of pressure [57], are very different from those 
calculated when the molecule is taken as isolated. This difference is explained 
by the fact that the formation of a covalent bond under high pressure be- 
tween atoms belonging to different molecules results in a weakening of the 
intramolecular bonds to which these atoms belong. This reduction has been 
calculated by Bardo using ab initio methods in the case of nitromethane 
CH, NO, and nitric oxide NO. For nitromethane, the calculations show that 
the transition energy between the fundamental state and the first excited 
state, which is 2.45 eV when the molecule is considered isolated, changes to 
1.18 eV for the compound (CH,NO,),. For NO, considering a bimolecular 
decomposition mechanism lowers the energy activation value for splitting 
the N—O bond from 6.5 eV to 4 eV. 
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2. Theoretical Approach 


2.1. Molecular Population Downstream of a Shock Wave 


Previous studies have led to the molecular population downstream of a shock 
wave being broken down into a total of three populations [39]: 


e P(M°): molecular population in the fundamental state. 

e P (M3): molecular population found in an excited state, whether dissocia- 
tive or predissociative, leading to splitting of the molecule; within this 
population, the one which is directly correlated with the scale of sensi- 
tivities to “shock” in Ref. [25] can be differentiated from that of other 
dissociative states. 

e P(M&,)): molecular population found in a nondissociative electronic state. 


Thus, in the case of nitro explosives, the total population is the sum 
P (M°) + P’ (Mj) + P" (Mj) + P (Mp), 


where the second term designates the molecular population in an excited 
state leading to the release of NO. 


2.2. Birth of Explosive Decomposition 


Taking into account this division of excited molecules into three populations, 
Delpuech et al. [39] proposed that the initial stage of the propagation phase 
should be considered to be the appearance in certain areas of the explosive of 
zones where, as a result of electronic changes in the molecules, the following 
two phenomena occur simultaneously: 


e the conditions of energy transfer between molecules are greatly modified as 
a result of the existence of the population P (M%,) where the polarity of 
bonds is very different from that of the fundamental state; and 


e certain molecules are raised into a dissociative state and decompose 
[population P (M§)]. 


The molecular parameters characteristic of this last population have, 
moreover, been correlated with sensitivity to “shock” (see §V.2.2). This is in 
perfect agreement with the fact that this type of sensitivity and measurement 
expresses only an observation of the decomposition of the explosive without 
predicting the nature of the propagation regime: detonation, deflagration, 
combustion, etc. 

On the contrary, the authors take the view that the conditions of birth of 
the detonation, linked to the conditions for achieving a cooperative regime, 
are a direct function of the characteristics of the population P (Mp). This 
proposition is based on the fact that, if the splitting mechanism 1s instanta- 
neous, it is the parameters of excited states characterized by a significant 
lifetime which make it possible to attain a cooperative regime. 

In other words, according to this model, the generation of detonation 
implies the existence in a confined space of spots where the electronic struc- 
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ture of the majority of molecules is modified for a sufficient length of time, 
and where simultaneously decomposition of some molecules occurs [54]. 

A study of the structural modification, which affects an explosive molecule 
downstream of a shock wave and before decomposition, was undertaken 
in [39], [61], [62], [63] and provides experimental confirmation of these 
hypotheses. 


3. Experimental Approach 


3.1. The Principles of High-Speed Raman Spectrometry 


The technique used is high-speed Raman spectrometry whose experimental 
device is described in Refs. [55], [62], and [63]. This technique, perfected by 
Bridoux and Delahaye [64], is, in fact, the only method which makes it 
possible to obtain data about molecular structure at a very localized point 
and in a sufficiently short time. The principle of the experiment consists in 
comparing the Raman spectrum emitted by an explosive crystal to that pro- 
duced by the same zone of the same crystal, but immediately downstream of 
the shock wave [62]. 
Recording the spectra meets two goals: 


(a) characterizing, downstream of the shock wave, the population P (Mp), 
1.e., the molecules which display a modified electronic structure for a 
sufficient length of time (the presence of these molecules should be ex- 
pressed by a modification in the intensity of the spectral lines); and 

(b) observing the splitting of bonds, notably R—NO,, (these splits should 
lead to spectrum modifications following the disappearance of certain 
lines and the appearance of new bands characteristic of the radicals 
formed). 


In fact, the intensity of a Raman line relative to a transition between two 
levels p and q is proportional to the elements P,, of the diffusion tensor 
of the molecule [65]. These elements are dependent on the wave functions 
y, and w, of the states considered in the molecule 

(P,)yq = ty (M;)o2(Mj)eq n (Mi)pe(Mij)eq 
h‘’? va—v Veg tv 
(M is the dipole moment operator of the molecule; i, j = 1, 2, 3; M,; = 
Jwv-My, dv; v,, is the frequency associated with the transition 7 > p; v is the 
frequency of the activating electric field; index 7 is relative to the energy 
levels of the molecule.) 


3.2. Experimental Set-Up 


The explosives studied were cyclonite (RDX) [63], [39] and penta-erythritol 
[61] in the monocrystalline state. The zone examined is situated 1 mm from 
the entrance face of the shock in the case of penta-erythritol, and 2 mm in the 
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case of cyclonite (RDX). The shock pressure deduced from Doppler laser 
interferometry measurements is 140 kbar for penta-erythritol and 60 kbar for 
cyclonite (RDX) at the point of entry of the monocrystal. In these conditions, 
penta-erythritol detonates in every case, whereas cyclonite (RDX) does not 
(for the latter, the pressure value was chosen to avoid phase transitions in 
the crystal). The phenomenon was observed for 10 ns in a time slice of a few 
tens of nanoseconds after the passage of the shock wave. 

The set-up (Fig. VI.3) consists essentially of a monocrystal sample, a light 
source and a detection system. 


(a) The monocrystal is firmly attached to the end of a hollow copper piston 
which contains the priming system. This assembly is placed in a cell 
three-quarters full of a silicon oil of the same refractive index as the 
crystal studied in order to limit reflections due to the incidence or irregu- 
larities of the faces. The location of the observed zone of the monocrystal 
is set using a continuous laser beam colinear with a pulsed laser described 
below. 

(b) The source of the energizing light consists of a two stage YAG laser, set 
off by Pockels cell. The flash, emitted at a wave length of 1064 nm, repre- 
sents an energy of | Joule and lasts for 10 ns. A frequency doubler (K PD) 
makes it possible to obtain between 100 mJ and 400 mJ at 532 nm. 

(c) The detection system used is a spectrometer consisting of two mono- 
chromators in series. The spectrum of rays emerging from the second 
monochromator enters a TSN 503 slit scanning camera whose shutter is 
controlled so as to mask the light emitted after detonation. The spectrum 
of lines is amplified, processed in an optical spectrometer and recorded. 


The trigger circuit regulates the delay between the instant of emission of 
the laser flash and the instant when the shock enters the target zone of the 
monocrystal; it also sets the shuttering time of the camera, after recording the 
spectrometer data but before any light emission following the decomposition 
of the explosive. The firing order controls, on the one hand, the pumping of 
laser bars and sends, on the other hand, an impulse which reaches the modu- 
lator after a period which is equal to the pumping time. At this instant, two 
pulses occur: 


e one initiates the detonator and creates a shock wave which, after a time t,, 
moves to the position of the crystal to be studied; and 

e the other delays—according to the chosen time t, —both the camera aper- 
ture and the Pockels cell aperture which activates the laser. 


The main cause of uncertainty lies in the operating time of the detonator. 
This uncertainty has been estimated at 30 ns [61]. 


3.3. Results and Discussion 


The most immediately accessible result is that, for several tens of nano- 
seconds downstream of the shock wave, the spectrum obtained contains all 
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the lines which are present on the spectrum recorded at rest [61], [62]. Dur- 
ing this time interval, the spectrum is thus characteristic of the molecule. In 
the case of penta-erythritol, in the observation conditions explained above, 
this duration is of the order of 50 ns [62]. 

The second result is that during these experiments lines have never been 
observed which correspond to the radicals which would result from decom- 
position of the molecule, in particular, NO$ or [R—NO,]°, [61], [39]. 

The spectra obtained are characterized in relation to the spectrum at rest 
by line frequencies which are practically unchanged (<10 cm), [61], [63]. 
The size of this frequency shift cannot be explained in terms of variations in 
bond length. This implies that the geometry of the molecule remains un- 
changed under shock. Nevertheless, during these tens of nanoseconds, fluctu- 
ations in intensity of the majority of spectral bands have been observed [62], 
[39]. As an example, Figure VI.4 illustrates modifications under shock of the 
intensity of vibration bands of the N—NO, groups of cyclonite (RDX). It 


Vsino,) 
Vin —N) 
Vsino,) 
vi(cm~') 
f+ —__—__4+—__+-—-4+?_____————-> 
1309 1273 1232 1214 
Spectrum of cyclonite (RDX) at rest. 
v(cm~') 
hk + Cr 
1310 1274 1216 


Spectrum of cyclonite (RDX) under shock 


Figure VI.4. High-speed Raman spectrometry study of structural modifications of 
cyclonite (RDX) under shock. Examination of the vibration frequencies of the 
N—NO, groups, Ref. [39]. 
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can be seen that the relationship of the intensities of the vy, bands (centered 
at 1214 cm‘) to those of the vgyo), bands (centered at 1273 cm™' 1309 cm™') 
which is 1.00 at rest increases to 1.40 downstream of the shock wave. 

The first conclusion which emerges from analysis of the above experi- 
mental results is that decomposition of a group of molecules does not occur 
immediately after the passage of the shock front. Moreover, all observations 
agree with the hypothesis of the existence, behind this front, before any explo- 
sive decomposition, of a molecular population for which the only modifica- 
tion would consist of a reorganization of the electronic structure. In fact, 
since examination of the frequencies failed to show an intermolecular re- 
orientation under shock, the intensity fluctuations of the Raman lines appear 
to be explicable only by modifications in the number and nature of the 
excited levels occupied (electronic and vibrational). 

These modifications depend in particular on the conditions of pressure, 
temperature, and lifetime of the levels involved. 

On the other hand, these studies have not been able to show the presence 
during this period of molecules in the process of decomposing [59], [61]. The 
authors explain this result by the fact that the P’ (M$) population is small 
relative to the whole population, and that the species formed are not suffi- 
ciently stable to be observed by this method [22]. 


4. Conclusion 


The study of explosive decomposition at the molecular scale has been 
marked in recent years by the consideration of the effect of the electronic 
characteristics of a molecule on the ignition conditions. This observation is 
largely explained by the contribution of quantum chemistry to the knowl- 
edge of these characteristics and their modifications after energy has been 
supplied. The first conclusion lies in establishing a correlation between sensi- 
tivity to “shock” of a substance and the electronic structure of a molecule. 

Thus, this correlation substantiates the long-standing hypothesis accord- 
ing to which explosive decomposition originates from a sudden structural 
modification. However, it concerns only the start of the decomposition 
reaction and not the subsequent production of combustion, deflagration, or 
detonation. 

In order to offer a representative model of this second phase of the 
phenomenon, recent studies suggest that the energy communicated by a 
shock is transmitted preferentially to particular molecules. Thus, behind the 
shock front, several distinct molecular populations would exist at the level 
of their electronic characteristics. The parameters of particular populations 
would make it possible to account for the sensitivity of the substance, whilst 
those of other populations would influence the conditions of birth of a co- 
operative decomposition process through exchange phenomena and energy 
transfers. 
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The results of an experimental study carried out by high-speed Raman 
spectrometry of structural modifications of a molecule downstream of a shock 
wave are in keeping with the existence of molecules which have actually 
undergone a modification in their electron distribution. 

These propositions are compatible with all the detonation generation 
mechanisms considered at the macroscopic scale. In spite of their great diver- 
sity, the majority of these mechanisms do, in fact, allow for, as we shall see, 
thermal or mechanical heterogeneity of the substance downstream of the 
shock. The most important of these mechanisms are discussed in the follow- 
ing chapter. 
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Part Three 
Macroscopic Mechanisms of 
Generation of Detonation 


CHAPTER VII 


Cooperative Mechanisms 


1. Ignition 


This section is based on a preliminary report by Robert Belmas. 


1.1. The Hot Spot Concept 


The theory of’shock sensitivity developed in Chapters IV—VI 1s based on a 
hypothesis which states that the energy of an appropriate thermomechanical 
stress is distributed between the molecules in such a way that some of them 
dissociate. This hypothesis of localized reactions at the molecular scale evolv- 
ing in a propagation to the macroscopic scale, has been outlined by Muraour 
[27] and Garner [13] in 1938, made more explicit by Mampel [23] in 1940, 
and developed by Bowden and Yoffe [2] in 1952, to whom we owe the term 
“hot spot.” 

Since then, the literature has grown considerably. Hot spots are now con- 
sidered as original loci of discontinuities or heterogeneities which affect an 
explosive substance at the mesoscopic level: impurities in a liquid, stacking 
faults of a crystal, interfaces within a compressed or bonded aggregate. 
Indeed, under particular experimental conditions, hot spots have been 
observed [10] and the subsequent phase—evolution of hot zones—has been 
analyzed by IR emission [36]. However, by the very nature of their properties 
—gmall dimension, short life, high temperature, high pressure environment, 
destructive testing—hot spots are difficult to describe, so that a number of 
questions remain unanswered with respect to their correlation with the meso- 
scopic properties of the initial state. 

Thus, due to a lack of incontrovertible experimental evidenice, it is difficult 
to avoid giving a provisional presentation, where a priori modeling is the 
rule. For the convenience of this account, the models are divided into two 
classes, according to whether they invoke the pore collapse mechanism or the 
mesoscopic shear mechanism. 

The former rest on publications which take as their starting point the very 
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notion of hot spot: their importance lies in the fact that their domain of 
validity encompasses both homogeneous substances (a monocrystal with 
empty interstices, nondegassed liquids) as well as inhomogeneous substances 
(compressed, cast or bonded aggregates). 

The latter, by contrast, are more recent: their development is linked partly 
to the setting up of an area of the physics of solids dealing with defects, and 
partly to the emergence of experimental facts such as the observation by 
Howe [15] of shear zones in TNT under shock, or the increase of sensitivity 
to “shock” of penta-erythritol by the addition of polymers that fracture by 
shear (see Swallowe and Field [33]). Their domain of validity is apparently 
limited only to initially solid substances: but their importance is in the role 
they play in practical applications due to their high chemical energy mass 
density. 

In the next part of the account, the word ignition will be used to designate 
the appearance of hot spots, whatever mechanism is responsible. 


1.2. Ignition by Pore Collapse 


Whether it be liquid or solid, an explosive substance can be considered 
“porous” owing to the fact that gas bubbles are occluded at different manu- 
facturing or handling stages: compactness a, defined as the ratio of the real 
volume mass p, to the maximum theoretical volume mass, can vary from 
100% in a perfect monocrystal to 50% in a compressed aggregate. This is why 
“pores” are prime candidates for potential hot spot sites, several mechanisms 
being invoked to support this point of view. 

The first rests on Bowden’s famous experiments— which showed that sen- 
sitivity to “shock” of nitroglycerin is greatly increased by the presence of gas 
bubbles—and attributes the formation of a hot spot to compressive heating 
of the gas. The most successful form of this model is due to Partom [28] who 
proposed that the gas undergoes a spherical adiabatic compression, during 
which it obeys a polytropic law. These hypotheses are debatable, just as are 
the conclusions of experiments by Seay and Seely [29] and their successors 
[6], [24]. In fact, a good part of the debate arises from the stress rate and the 
nature of the associated compression (adiabatic, isothermal, etc.), as Starken- 
berg showed [31], where an explosive endowed with a large cavity (5—10 
mm) is stressed by a pressure (a few kilobars) maintained for a long time 
(several milliseconds). Whatever the case may be, some experiments (see [9], 
for example) cast doubt on the effect of the nature and pressure of the inter- 
stitial gas on ignition, therefore also on the preponderance of pore collapse. 

It is largely because of this conviction that many authors [3], [4], [22], 
[16], [25], [38] have proposed a second mechanism dominated by dissipa- 
tive work of viscous stresses in the deformation of the material around the 
pore. The reader is referred to the very detailed work of Maiden [22] where 
stress has, among other effects, the ability to create a viscous melt zone 
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around the pore, which acts as a heat source when collapse follows on: a 
hot spot appears if thermal conduction is low relative to thermomechanical 
dissipation. A comparison of the results of the model with those of experi- 
mental generation of detonation of PBX 9404 by shock is satisfactory; it is 
less so for compounds based on TATB or penta-erythritol, but we cannot say 
whether we should implicate the mechanism itself, or the supposed direct link 
between the appearance of a hot spot in the model and the appearance of 
detonation in the experiment. 

The controversy is not limited to the above two mechanisms. In fact, 
Mader, for his part, proposes a purely hydrodynamic mechanism where he 
applies numerical modeling with a high degree of generality [19], [20], [21]. 
His approach consists of causing a shock wave to interact with isolated 
pores or a group of pores arranged in a cubic grid. During compaction, 
flow is convergent on the neighborhood of the edge of attack of the pore; 
the material increases in density there and accelerates until it comes into 
contact with the opposite edge, thus creating momentarily a more com- 
pressed and hotter restricted zone (see Fig. VII.1(a—d), reproduced from 
[35]). When inserted into a three-dimensional hydrodynamic code, this 
model allows isolation of certain numerical properties of the transition from 
shock to detonation: 


e the stress of an isolated pore is not sufficient to ensure the transition; on the 
other hand, a cooperative mechanism resulting from interactions between 
incident and reflected shocks during local impacts allows this to occur; 

e for constant porosity, smaller pore size implies larger numbers; this effect 
can be “sensitizing” by increasing the number of contributions to the tran- 
sition, but “desensitizing” by reducing each individual contribution (N.B. 
another account of this effect is presented in §1X.3.1); and 

e desensitization by a weak fore-shock results from pore collapse by a stress 
insufficient to entail ignition, but sufficient to cause an after-shock to meet 
with a material lacking sources of interaction (see §1X.3.1). 


Mader’s model, originally applied to liquid explosives [19], has been gen- 
eralized [20], [21] to solid explosives (PETN, HMX, TATB, NQ, HNS, etc.) 
under one and the same hypothesis, that of ideal fluid behavior of the mate- 
rial. However, with regard to solids, it is difficult not to envisage the conse- 
quences of elastic-plastic behavior whether or not it is associated with 
viscosity; this is the position adopted by Taylor [36] who, without going 
beyond the elastic-perfectly plastic behavior stage, proposes an interesting 
attempt to establish a correlation between real and numerical porosity. 

In each of the above three models, the same criticism can be leveled: that 
of giving preference to one mechanism and ignoring the other two. This “cold 
war’ state (nonconfrontation by mutual ignorance) has not escaped Frey 
[12], who has undertaken—though in the restricted framework of compac- 
tion by implosion—a comparison of several factors, rate of pressure increase: 
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Figure VII.1. Compaction of a cylindrical pore by a plane shock parallel to the 
generating lines of the cylinder. (a) A 30 kbar shock propagating vertically upward is 
situated in the lower neighborhood of the pore. (b) Partial implosion of pore: the 
lower part of the pore is accelerated towards the upper part. (c) and (d) Isotherms and 
isobars (from [35]). Scales on both axes are in micrometers. 
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pore diameter, viscosity, elastic limit, and melting temperature. His moder- 
ated conclusions—“under appropriate conditions, each mechanism may be 
dominant”—need to be consulted in the original: we content ourselves by 
drawing attention to the last sentence of [12]: “These conclusions apply 
only within the framework of pore implosion and may not be extrapolated 
to other situations,” which shows that the debate is far from over, more 
especially as another class of ignition mechanisms is necessary to account for 
the hexogen grain size influence (see Moulard et al. [26]) in compositions 
where the compaction «, equals 1 to within at most a thousandth. 


1.3. Ignition by Mesoscopic Shear 


Frey [11], already referred to in the previous subsection, was the first to 
formulate ideas governing the formation of hot spots by shearing: 


e the velocity field is heterogeneous at the mesoscopic scale, as is the shock 
impedance field, due to the existence of voids, or to the existence of rigid 
grains immersed in a flexible matrix, or to internal defects in the grains; 

e ina shear zone, the temperature results from competition between heating 
from the work done by viscoplastic forces and cooling by thermal conduc- 
tion; 

e the viscosity coefficient is an increasing exponential function of p and 1/T; 
and 

e fusion of material nullifies the limiting shear tension but not viscous 
tensions. 


But it was Walker [37] who first attempted to link shear ignition to obser- 
vations on the generation of detonation by shock. However, this attempt is 
limited in scope by the nature of the explosive concerned (composition B: 
HMxX as grains dispersed in a matrix of TNT) and by very restrictive hypoth- 
eses: localization of shear internally within the matrix alone, perfect adhesion 
of the grains to the matrix. Furthermore, its conclusive character is greatly 
undermined by the author’s concern to attach the validation of the model to 
the establishment of the p*t = Cte detonation criterion by one-dimensional 
impact (see §IX.2.1), though experiments prove amply that it is not universal. 
It could nevertheless open the way to an attractive modeling of bonded 
aggregates, subject to—as Belmas [1] emphasizes—the thorough study of 
the thermomechanical behavior of the bonding agent (as a function of pres- 
sure, temperature, and rate of shear) and the formulation of a realistic condi- 
tion of contact between grains and bonding agent. 

This attractive prospect should not cause us to neglect another possible 
shear localization—within the grains themselves—by analogy with well- 
established results on metals and alloys. In this field, where research is still at 
an early stage, we refer the reader to Coffey [7], Kipp [17], and Grady and 
Kipp [14]. 
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2. Induction 


This section is based on a preliminary report by Christian Michaud. 


2.1. From Ignition to Propagation 


Section VII.1 dealt with mechanisms proposed to explain ignition, 1.e., the 
appearance of preferential sites where the temperature conditions are such as 
to involve rupture of chemical bonds. But ignition does not mean decomposi- 
tion at the macroscopic level. For a stress that is too brief, too weak, or too 
diffuse, hot spots can cool by thermal conduction and die out. According to 
Setchell [30], that is the case for fine hexanitrostilbene compressed at po = 
1.6 g/cm? and subjected to a sustained 34 kbar shock. On the other hand, if 
the stress conditions (duration, intensity, distribution) permit, the tempera- 
ture field may evolve—under the combined influence of thermal conduction 
and release of chemical energy—such that decomposition progresses, as if 
“propagating” beyond ignition sites. This initial propagation is a step which 
is difficult to define other than by the occurrence of an unusual event (often 
called “explosion”) at the end of a finite time t' (called induction duration or 
explosion time). Whatever event is chosen to mark this outcome, an experi- 
mental fact has to be taken into account: the value of t' can spread over at 
least ten orders of magnitude according to the stress itself, and also according 
to the dimensions of the explosive mass. Thus t! is of the order 10~° s in the 
case of experiments to generate detonation by plane shock (see Chap. IX), 
but of the order of 10* s in the case of Zinn’s experiment [19, p. 147]. The 
exceptional dynamics reveal an immense variety of situations, which is the 
source not only of dramatic errors in assessing the risk caused by a particular 
stress on a particular explosive mass, but is also the source of great difficulties 
in modeling. 

All attempts at taking account of the initial decomposition of an explosive 
have a common base: the energy conservation equation associated with rela- 
tive rest at constant volume of the stressed material: 


oT oAe 
Plo (AT i) i =p ot” (VIT.1) 
where — Ae is the variation of specific internal energy at the time of de- 
composition of the explosive. For the given boundary conditions, equation 
(VII.1) governs a temperature field which is coupled to a decomposed mass 
fraction field by dAe/ét and according to a more or less complex reaction 
scheme (see §2.2). The difficulties encountered in counting and clarifying with 
confidence the stages of this scheme explain why all authors have first of 
all considered zero-order kinetics 


OA 
ae = QZ exp(—E*/RT), (VII.2) 
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where Q is the mass heat given out at constant volume, E ” is the activation 
energy, and Z is the frequency factor. Moreover, taking care to give as simple 
a numerical resolution as possible leads to one’s attention being limited to 
one-dimensional geometries, where (VII.1) takes the form 


OT 6?7T NoT 
a es Cn je —FA% 
ply if 5x2 + x =) pQZ exp(— E*/RT). (VII.3) 


Below, a stands for the radius of a sphere (N = 2), or the radius of a cylinder 
(N = 1) or the half-thickness of a slab of explosive (N = 0). 

Mader [19] presents the results of the numerical solution of (VII.3) carried 
out in 1960 using as an approximation constant values for p, c,, and 4 and 
with the following boundary conditions: 


T(|x| <a) = Ty for t<0O, 


(*) 
T(|x| =a) = T? > Tp, for t>0. 


For the reader who is not familiar with this work [19, §3A], we recall the 
essential results here, rewritten with the notation used in this book. 


e There exists a critical value T' of T? such that at the end of a finite time 
t'(T?), T? > T' induces an explosion, defined as the existence of a region of 
a mass of explosive where the temperature increases indefinitely while t 
tends towards t’. 

e Geometry has an effect on the values of T' and t'(T?): 


TUN = 0) < T(N = 1) < TIN = 2), 
t(N = 0) > U(N = 1) > U(N = 2), 


by the surface-to-volume ratio (N + 1)/a. 

e For T? = T’, the initial explosion region is localized on the symmetry ele- 
ment (median plane, axis, center). For T? > T', this region is closer to the 
external surface (where T* is applied) the higher T* is. For T* > T', this 
region is identical to the external surface: thus, time t!' is identical to the 
time calculated by Cook [8] for a semi-infinite slab of solid explosive. 

e Induction time t' is always greater than adiabatic explosion time t!,, de- 
fined by 


(**) 


c, [7 c, R(T*)’ a 
tha = OZ { exp(E*/RT) dT ~ OZE*~ exp(E*/RT ), (VIT.4) 
which represents the time taken by the mass of explosive to reach T’ if, at 
t = 0, it was raised to temperature T° in totality. 


Most of these conclusions are immediately apparent from an examination 
of Figure VII.2. 

Too rapid a reading of the above results can lead to the acceptance of 
the idea that very high temperatures occur in effect. In reality, once the 
temperature is greatly in excess of T? (e.g., T > 2T*), equation (VII.1) for heat 
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Figure VII.2. Cyclonite (RDX) at initial temperature = 25° C. Adiabatic explosion 


times t), and induction times t' versus T* in various one-dimensional geometries (after 
Mader [19], p. 145). 


propagation in a medium at relative rest becomes inappropriate. In other 
words, the occurrence of the explosion—in the sense given above—should 
be regarded as the sign that propagation has begun, where motion and de- 
composition are henceforth linked. An examination of this linkage is the 
subject of Chapter VIII. However, before tackling this we devote the follow- 
ing subsection to another linkage, that of induction and the reaction process 
at the molecular level. 


2.2. Coupling to the Reaction Scheme 


For several pure explosives (HMX, RDX, etc.), there is excellent agreement 
between calculated and experimental T' values in a given geometry [19, p. 
146], subject to possible adjustments of zero-order E* and Z kinetic data 
[5], and/or experimental precautions [34]. (N.B. This well-established fact 
justifies keeping zero-order kinetics in Chapter VIII for dealing with the 
propagation phase proper.) On the other hand, the comparison of calculated 
and experimental t' values is less satisfactory (see [5]), an obvious result of 
the nonreal chronology of a zero-order rate scheme, from which the only way 
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out is by returning to a less simplistic view of decomposition, 1.¢., a super- 
position of elementary reactions. This point of view is still scarcely found in 
the literature. However, one can gain an idea of possible developments from 
[18]. 

For TNT and TATB, MacGuire et al. [18] propose a three-stage auto- 
catalytic mechanism 


®D Ey > 6, 
Q) 6'+ 6-64, *K 
Q® &+6'96 


where the first is endothermic and the other two are exothermic. The mass 
rate 0Ae/dt of heat released in the aggregate is then, with the usual notation, 


OAe/et = O,Z, Xo exp(— E7/RT) + O,Z,X_X’ exp(— EZ /RT) 
+ Q0,Z,X’ exp(—E3/RT). (VII.5) 
For cyclonite and octogen, they propose another three stage sequence, 
@ &-€& (H,C=N—NO,), 
Q €6'—>2€" (HNO, + HCN orCH,0O + N,O), 
QB) 26" +6, 


where stage () is endothermic, stage @ is weakly exothermic and stage @) 
is strongly exothermic. The rate dAe/¢t is then 
oAe 


“= 91Z1Xo exp(—Ef/RT) + Q,Z,X’ exp(—EZ/RT) 


+ Q,Z3(X")? exp(—EZ/RT). (VIL.6) 


Thus, expressions (VII.5) or (VII.6) can be substituted for (VII.2) in the heat 
propagation equation (VII.1). 

However, this substitution will only be a quite unnecessary complication 
if the hypothesis that p, A, and c, are constant is not also revised at the same 
time. This is implicit in [18] to which we refer the reader who is interested in 
this specifically thermal aspect of the problem. 

The completed model leads to some remarkable results where the ratio 
between observed and measured values does not exceed 2 for either the pure 
explosives mentioned above or bonded compositions based on HMX or 
TATB. One might think that the problem was solved. In reality, much more 
remains to be written on this subject; further progress augurs well, whether in 
the field of stress (uniform heating by electron beam [32]), or from observa- 
tion (high-speed spectroscopy applied to Raman diffusion or stimulated 
Raman diffusion). 
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CHAPTER VIII 


Coupling of Decomposition 
and Motion 


1. Introduction 


The first part (Chapters I-III) dealt with the major macroscopic laws govern- 
ing the propagation of detonations, starting from fundamental principles and 
some essential observations. After a long digression (Chapters IV—VID), in 
which we examined various aspects of microscopic mechanisms, we resume 
our treatment of the whole phenomenon, this time with the aim of arriving at 
a method of numerical evaluation of a flow with detonation. 

The problems which arise by linking mechanical phenomena (movement) 
to chemical phenomena (evolution of species) have already appeared in 
Chapter I with regard to the molecular and continuum models of the reactive 
fluid. We have already dwelt (see Section I.4) on the complexity of the 
systems to which one is, respectively, led, and on the difficulty of finding 
realistic closure conditions for them. From 1960, and with the first com- 
puters, this complexity and this difficulty have been investigated by “numeri- 
cal models.” They all have the following in common: 


(1) they reduce the reactive fluid to a two-component fluid: the initial sub- 
stance and a “final substance” called “detonation products”; 
(11) they take both substances separately to be in thermochemical equilib- 
rium; and 
(11) they are based on the continuum model of the reactive fluid, while 
neglecting external forces (f; = 0). 


Putting such a view into practice supposes that two problems have been 
tackled. The first starts from a knowledge of the “final substance” and putting 
its equation of state into a form suitable for numerical calculations; it de- 
pends on chemical thermodynamics and on molecular fluid dynamics and 
can be treated in isolation, which is what we will do in Chapter XII. 

The second relates to establishing a practical formulation of the contin- 
uum model for a two-component reactive fluid; it depends at the same time 
on the method employed in section I.3 and on numerical analysis and is 
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dealt with in the next section, VIII.2. We ponder over one-dimensional flow 
within section VIII.3, endeavoring to arrange the variants in order and to 
discriminate between those resulting from the model and those resulting from 
the numerical solving algorithm. The chapter concludes with section VIII.4, 
which is devoted to finding a continuum law of decomposition based on the 
hot spot concept introduced in the previous chapter. 


2. Modeling of Two-Component Reactive Fluid 


2.1. Balance Equations for Each Component 


The following procedure to establish the balance for each species is very 
close to that used in sections I.1 and I.3. The notations are identical and the 
superscript k used as a reference for the species takes only values k = a and 
k = b. The differences in presentation result from the fact that summation 
over k is not carried out in the balances, and average velocity 0; is not 
introduced. Furthermore, as in §1.3.1, we assume that no discontinuity sur- 
face crosses the reactive fluid. 
The mass balance given by (1.47, k) can be rewritten in the form 


d*p* 
dt 


+ p*ui , = P* (VIII.1, k) 


where P* is the rate of volume production of species (k). 
The momentum balance for species (k) appears in §1.3.4 before summing 
over k 
d* k,,k k 
— | p*u; DV= o;.n; DS, (VIII.2, k) 
dt Jp J aD 


7 ae | 


From lemma (I.4) on the particle derivative of a volume integral, the left- 
hand side of (VIII.2, k) can be put in the form 


dé 
{. ae + (p*uf)uy 7 DY, 


which can in turn be modified (from VIII.1, k) by eliminating the divergence 


term and writing 
d‘ uj 
k L k,,k 
+ P*u; | DV. 
| D |p dt uf | 


As far as the right-hand member of (VIII.2, k) is concerned, it can be trans- 
formed by Green’s theorem (I.1). Finally, we have as the balance equation 
(VIII.2, k) for momentum of species (k) 


d‘ uk 
k ra _ ok _ Put, (VITI.2’, k) 
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which differs from that (1.22) for a one-component fluid by the term — P*u} 
inserted in the right-hand side. 
The energy balance for species (k) appears in §1.3.5 before summing over k 


k 
dt Jp 


Proceeding as above for (VIII.2, k), the left-hand side can first of all be trans- 
formed with the help of (1.4) 


p*(e* + 5usu;) DV = | (ujof —q})n,DS. — (VIII.3, k) 
aD 


dé 
\ FE p*(e* + gujur) DV + (e* + zubul) oul DY, 
D 


then from (VIII.1, k) by elimination of the divergence term 
| a 
| ot See + Suyuy) + (e* + subul) P| DV. 
D 


As far as the right-hand term of (VIII.3, k) is concerned, it can be transformed 
by Green’s theorem (I.1). Finally, after applying the fundamental lemma of 
§I.1.1, we obtain the energy balance equation for species (k) 

dé 
pt (ek + hutut) = (ufo} — af), — PM(et + dutul, 


which may be further simplified with the help of (VIII.2’, k) 

d*e* 

p = uf jo; — Gj; + PX(Gujuy — e*). (VIII.3’, k) 

This last equation differs from that (1.22) for a one-component fluid by the P* 
proportionality term which occurs on the right-hand side. 

Since they are so important for the rest of the chapter, the balance equa- 

tions (VIII.1, k), (VITI.2’, k), and (VIII.3’, k) are rewritten below for a perfect 


fluid (of; = —p*6,;, qf = 0) of mass volume v* = 1/p* 
ve = —p*uy,+ P* (a) 
oe = —p*, — Ptuk, (b) $ (VIIL4, k) 
d*e* _d*v" 


a = —p a 7 P*v*(e* + p*v* — Suyuy). (Cc) 


2.2. Balance Equations for the Mixture 


Despite its educational value, the system of equations (VIII.4) where each 
component is identified in the flow is not the one which we meet in current 
practice of numerical modeling of flow with detonation. Two arguments— 
one utilitarian, the other historical—may be advanced to explain this gap. 
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“Current” uses of an explosive arrange for it to be generally associated 
with an adjoining medium which behaves as a chemically inactive fluid. This 
is why a system of partial differential equations which would be able to 
handle a flow with detonation and would yet be similar to that commonly 
used to deal with chemically inactive flow, has obvious practical interest. 
This remark allows us to understand one of the constants of research in this 
field: a code structure where the active medium is distinguished from inactive 
media only by the “branching of a decomposition law” on a hydrodynamic 
algorithm, termed “standard.” 

Whether from the angle of Riemann characteristic curves theory or from 
the angle of pseudoviscosity invented a century later by Richtmyer and 
Morton, the basic tools available for the numerical study of a flow are those 
associated with a system of four partial differential equations 


f= — pu, (a) 
du, 
“= —p;, i=1,2,3, (b 
p dt P, (0) (VIII.5) 
de dv 
dt = —P ap (c) 
eé= E(p, v), (d) 


(one of which is vectorial) in four unknowns (one of which is vectorial). It is 
therefore not surprising that the natural tendency was to find: 


(i) a fifth unknown which describes the variation in chemical composition of 
the mixture from the initial stage to the stage of detonation products in 
chemical equilibrium: this is the function m already introduced in §II.2.1 
and §III.1.3; and 

(ii) a fifth equation called (VIII.5, e) which expresses more or less empirically 
reactivity (1 — m)~' dm/dt as a function S(m; a, b) of the state of the 
mixture and/or the initial substance (a) and/or the final substance (5) 

1 dm 
fom de> S(a,b,m). (e) (VIII.5) 
In order to complete this extension of the “standard” hydrodynamic 
scheme to flow with detonation, it remains to specify the thermodynamic 
conditions which govern the transformation of the explosive substance 

(referred to hereinafter by the index k = a) into detonation products (referred 

to hereinafter by the index k = b as burnt). [N.B. Certain publications use 
indices s for solid and g for gas; we have dispensed with these unnecessarily 
restrictive symbols.] To do this, it is difficult to escape the introduction of six 
additional unknowns: internal mass energies e* and e”, mass volumes v* and 

v”, and pressures p“ and p”. The seven equations generally chosen (see discus- 

sion in §3.3) to be added to equations (VIII.5(a) (b), (c), and (e)) and substituted 
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for (VIII.5, d) are 


v = (1 —m)v* + mv? (f) 
definition of m, 
e = (1 — m)e*+ me? (d' 
additivity of internal energy, 
e? = E*(v%, p*) (g) 


thermodynamic definition of the initial substance, 
e° = EX(v", p’) 
thermodynamic definition of the final substance, 


(VIILS5) 


p=p'=p (i, j) 
homobaric mixture hypothesis, 
T? = T° (k) 


homothermal mixture hypothesis. 


We thus obtain a system of 11 equations with 11 unknowns. 


2.3. Comparison 


In view of systems (VIII.4, k = a, b) and (VIII.5), we may legitimately ask 
ourselves the question about the possibility of correlating the first with the 
second. To answer this question, we introduce “primed” unknowns ’, v’, e’, 
p’, u’ through the following notations and hypotheses: 


p'=p* +p’, 
e =e +e, 
vp =v" + 0*, (VIII.6) 


u,=u% =u? (homokinetic hypothesis), 
, b 


p’=p*=p’_ (homobaric hypothesis). 


Note that the first four do not necessarily coincide with the “nonprimed” 
unknowns of system (VIII.5); note also that p’ does not equal 1/v’. Summing 


equations (VIII.4, k) over k (k = a, b) and bearing in mind that P* + P’ = 0 
(see I.3.1), we immediately obtain 


do’ ha 
dt — Pp Uj, j> (a) 
du; 
p= - Pi, (b)} — (VIIL.7) 
de’, du’ 


FT TP ag 7 Pole! + pivot — dui). ©) 
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These three equations involve thirteen unknowns: 


e four for the initial substance: v’, p%, e*%, P*; 
e four for the final substance: v?, p”, e®, P®; and 
e five associated with the “mixture”: v’, p’, e’, p’, uj. 


They are connected by the first three equations (VIII.6) rewri.ten below 
p’=p* +p’, (d) 
e’=e*+e, (e) (VIII.7) 
vp =v%+ov?, (f) 


which obviously may be completed by the following six 


v* = 1/p*, (g) 
v? = 1/p’, (h) 
e4 = E%(y4, p’), (i) (VIII.7) 
e’ = E’(v’, p’), (j) 


Pp? = —p> = P(a,b). (k), (I) 


and by one hypothesis on the temperatures T’ and T° which may, for exam- 
ple, be that of the homothermal mixture as in (VIII.5, k) 


T?=T>. (m) (VIII.7) 


Systems (VIII.5) and (VIII.7) have obvious formal analogies (mass balance 
and impulsion balance, homobaric and homothermal hypotheses), but also 
notable differences. The first concerns the homobaric hypothesis: its neglect 
in (VIII.7) considerably modifies equation (b) on conservation of momentum 
and equation (c) on conservation of energy, which is not the case for system 
(VIII.5) since the homobaric hypothesis is simply joined to the conservation 
equations. The second and more fundamental difference concerns the un- 
knowns associated with the mixture: whereas u’ and p’ are identified with u 
and p, on the other hand, p’, v’, and e’ are not identified with p, v, and e. 
In particular, the relation v = 1/p implicit in (VIII.5) has no equivalent in 
(VIII.7). We shall postpone a discussion of the consequences of this lack 
to section VIII.3, while examining the “standard” resolution algorithm of 
(VIII.5) where v = 1/p arises explicitly. Here it will suffice to bear in mind 
that it is to a “nonstandard” algorithm that we must address ourselves to 
solve (VIII.7). The third difference concerns functions S and P which deter- 
mine in (VIII.5, e) and (VIII.7, k, 1), respectively, the chemical evolution of the 
mixture: when the rates P* and P” have dimensions ML~°T™ and belong to 
chemical kinetics, reactivity has dimension T™ and is defined by a balance 
formula (m and 1 — m are dimensionless terms which balance the additive 
unknowns v%, v’, e’, e” in the expressions of the unknowns v and e of the 
mixture) so that the former are not reducible to the latter. 
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System (VIII.7) thus has the advantage of introducing real kinetics (by 
the expedient of P* and P”) but also has the major practical disadvantage of 
not being in a form amenable to a “standard” hydrodynamic treatment. This 
also explains why system (VIII.5), despite the intrinsic difficulty which the 
formulation of function S raises in (VIII.5, e) (see §4.3), is still widely used, 
and why the next section is devoted to this point. There we shall abandon the 
three-dimensional Eulerian system (VIII.5) in favor of a one-dimensional 
Lagrangian system by plane sections which has been more extensively stud- 
ied, and is more appropriate for making apparent the linkages with what we 
have, on several occasions, called the “standard” hydrodynamic approach 
(for a simple introduction to this Lagrangian system, the reader is referred to 
the classic work by Landau and Lifshitz [9, p. 5—in fine). 


3. One-Dimensional Rectilinear Reactive Flow 


3.1. Model and Reference Algorithm 


Consider one-dimensional rectilinear motion of a two-component perfect 
reactive fluid and the associated Lagrangian equations as written and num- 
bered by Richtmyer and Morton [16] 


Ox 
Ot _ u, (1) 
ou Op 
at — Vo ax’ (2) 
Ce Ov 
dt = ~ Pap (3) 
Ox  v(X, t) 
ax —_ D ) (4) 
0 (VIII.8) 
e = me? + (1 — m)e* = E(p, m, v7, v®), (5) 
m = (1 — m)S(p, T%, v”, m), (6) 
v= mv? + (1 — m)v%, (7) 
0°(p, v*) — 0°(p, v”), (8) 
e* = E*(p, v"), (9) 
e° = E*(p, v’), (10) 


1.e., 10 equations with 10 unknowns 


X, U, p, v, e, m, e%, e?, v4, v?. 
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Before moving on to the algorithm proper, we make the point that this model 
is implicitly homobaric and explicitly homothermal; these hypotheses will be 
discussed in §3.3. 

The discretized equations are designated by the “starred” number of the 
associated equation with partial derivatives. The boundaries of the mesh and 
their velocities are referred to by the subscript k; the thermodynamic state is 
referred to at the center of the mesh by the subscript k + 4; the instant of 
calculation is designated by the superscript n. At time t", we know for all k, 


n n n n n 
Xe Petij2> Pr-1> @&x+1/2> Mx+i2> 
n-1 


Uy; VE+1/2> (0° )k+1/2> (ve a1- 


Six calculation steps lead to the state at time t"*?: 


(I) Calculation of u2™’ by the “driving gradient” 


ug? — ug? Pk+1/2 — Pk-12 
AR py SRE IT. * 
a py te (VIIL8, 2) 
(II) Calculation of x?*! (0 < k < K) from conditions at the limits uj** and 
unt 
xntl xn 
a7 ae (VIII.8, 1)* 
(III) Calculation of vftt, 
xotl n+1 
pth, = vg (VIIL.8, 4)* 
(IV) Calculation of ef{i,. by conservation of energy 
/ 
enti. —_ Cx+1/2 = — Phsip(etip — VE +12): (VIIT.8, 3)* 


(V) Calculation of up}j. by the decomposition law 


+1 
My41/2 — MK41/2 
(il — Mx +1/2)At 


where (T? Je+12 = O° [pxsi2, (v* e+]. 


(VI) End of calculation of pressures Prti2 by the equations of state. We 


+1 
calculate (v* k+1/2> (v? eri. Pri by 


= S[pk+12. (Testa, (v° e+1/25 Me+1/2], (VITT8, 6)* 


enti = mei2E [peitp- (vite 
+ (1 — meti2)E* (peti. (ti), (VIIL8, 5)* 
(vest = Mes i2(v Pe ti2 + (i — meri)’ (v° ite. (VIII.8, 7)* 
O° [peti et i2] = OP Lpetie» (eri). (VIIL.8, 8)* 


We thus complete the calculation cycle and we know the state at time t"*’, 
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1.€., 
n+i n+l nt+1 n+1 nt+i 
Xy 5 Pesij2> Pe-12 @xtij2> My+1/2> 
n+1 n+1 a\n+i1 b\n+1 
Ux 5) Ux41/2> (v \e+1/2> (v Ne +1/2° 


3.2. Modifications According to Source Term 


The reference algorithm may be qualified as “pseudo-isentropic.” This ex- 
pression aims to recall in vivid fashion the “source” of the variation in veloc- 
ity in the starred equations. It takes on its profound significance when we 
note that the use of (VIII.8, 3) implies that there is no release of energy in the 
mesh so that it is the variation of m which modifies the pressure (steps V and 
VI). Then an attractive modification of the reference algorithm 1s one called 
“energy release in the mesh.” At stage IV, we calculate ef7j/. by 


de = —p dv + source, 


the source depending in general on m; step V and step IV remain the same, 
but it 1s the source term which fixes the new pressure and no longer the 
variation in chemical composition induced by reactivity. 

We shall attempt to clarify these differences with the help of the notations 
in this book. For a perfect fluid in the absence of a field of moments and 
external forces, but in the presence of a rate “7 of volume heat supplied exter- 
nally (see Section I.1), the first law of thermodynamics is written 


f 
de = —pdv+ 7 at (VIII.9) 


In the reference algorithm, the term 7 is taken equal to zero: there is no 
release of energy in the mesh. This is the chemical transformation (by the 
expedient of m) which modifies the pressure field and which “drives” the flow. 
In order to establish thoroughly this formalism, whose rigor is indisputable, 
we should recall that the internal mass energy e depends not only on v and s, 
but also on m. Thus, writing (VIII.9) with 7 = 0 shows that the transforma- 
tion (dv, ds, dm) of the explosive is effected according to the law 


de de 
35 S, m) ds + am S, m) dm = 0, (VITI.10) 


with the result that the specific entropy s of a particle cannot remain constant 
during the evolution of the composition (dm # 0). The qualification “pseudo- 
isentropic” is thus justified. 

In the so-called variant “with energy release in the mesh,” the term 7/p is 
strictly positive. Certain authors use it in the form 


dm 


ex (VIII.11) 


where ey is a mass reaction energy to be defined (see §XII.4.2). 
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In spite of the nonequivalence of the base algorithm and its variant, a 
practical equivalence can exist for an ad hoc choice of ey, as the following 
example shows. When the reference algorithm is used with functions E* and 
E? linked by 


E*(v, p) = E*%(v, p) — AE, 


then we can easily verify that it is sufficient to choose ey = AE such that 
(VITI.9) is written in both cases 


m dE? + (1 — m) dE* + (E? — E*)dm = —p dv. 


But this example also demonstrates the weakness of the variant: the validity 
of its results is strictly linked to the physical reality of the relation postulated 
between E* and E’. 


3.3. Modifications According to Exchange Terms 


In order to determine the possibilities of variations about the reference 
model, it is useful to return to the general approach which underlies system 
(VIIT.8): 


e consider a perfect fluid flow with five unknowns x, u, v, p, e and the asso- 
ciated Richtmyer—Morton system; 

e in order to simulate the chemical evolution of the fluid, we introduce a 
supplementary unknown m as well as an equation giving dm/dt; and 

e in view of the need to substitute a family of surfaces of state for a unique 
surface of state, and in view of the introduction by this expedient of the 
individual states of the two components, we introduce all or part of a set 
of eight supplementary unknowns 


e*, v%, p%, u’%, 
e, vy, p*, w, 


and as many supplementary equations as there are really independent 
supplementary unknowns. 


The current approach is that of the reference model, characterized by 
the homobaric and homothermal hypotheses; it is implemented in Mader’s 
SIN code [12], Donguy’s TCD code [4], and many more. However, other 
approaches are possible and have been effectively implemented. 

Thus, in the KRAKATOA code [3], Damamme and Missonnier intro- 
duce u’ and u’ as supplementary independent unknowns, challenge the two 
homobaric and homothermal hypotheses, and close the system by five hy- 
potheses: the isentropic evolution hypothesis quoted above, two local com- 
position hypotheses concerning velocities and pressures, and two hypotheses 
of local conservation of mass and momentum fluxes. This approach avoids 
having to introduce temperatures T* and T° as independent unknowns: this 
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has to be seen as “an easy way out” in a sense which will become more 
apparent in the following subsection. 

But there is no unanimity in heterothermal approaches from which tem- 
perature is excluded, at least apparently. Thus, Nunziato [13] and Kipp [8] 
have developed a model where not only temperature varies from one compo- 
nent to another, but also occurs explicitly in the exchange terms. Since the 
corresponding formalism deviates considerably from system (VIII.8), we refer 
the reader to the relevant publications. 

The reader might also refer to [10] for another treatment of the problems 
posed by writing the exchange terms. 


3.4. The Use of Pseudopotential p(v, e) 


Here we regroup the numerical problems posed by the solution of equations 
(VIII.8, 5)*, (VIII.8, 7)*, and (VIII.8, 8)* which arise from functions E* and E°, 
6* and @°. 

In the classical algorithm of Richtmyer and Morton, modified by Wilkins 
[19], substances (a) and (b) do not occur individually: only the unknowns of 
the mixture p, v, and m occur. The variable pf}ij,. is therefore obtained by 
simple recourse to the subroutine p(v, e) with called variables vgfi., eftin. 
the latter being obtained with the help of (VIII.8, 3)*. In other words, in order 
to link state and movement, it is sufficient to make use of a “black box” which 
gives p as a function of e and v after eliminating temperature from the func- 
tions e(v, T) and p(v, T) calculated by thermodynamicists. 

The convenience which this “blind” use of the surface of state offers the 
thermodynamicist, explains the tendency for models to replace the homo- 
thermal hypothesis with an isentropic evolution hypothesis. Indeed, starting 
from identity (e.1) in Appendix A and writing de as a linear form of dv and 
dp, we find the identity 


Ce Ce 
T ds = |p + 3, P| dv + Ee (v, P| dp, 


so that ds = 0 is written 


AL (v, é) 


ép I 
dv + Be e) dp = 0, (VITT.12) 


where the sufficient nature of the “black box” shows up well enough. In the 
numerical solution scheme of the (VIII.8) starred equations, the advantage is 
equally obvious. Suffice it to recall that ds = 0 is equivalent to 


Ae = —p(v, e)Av; 


in the corresponding algorithm, the called variables are v, e, and Av and, 
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eventually, the constants which remain in the function p(v, e), such that the 
output variable is p(v, e — pAv); since this algorithm is used in another con- 
text in stage IV (see §3.1), we see that the isentropic hypothesis allows the use 
of the same “subroutine” twice per time step: once for the conservation of 
energy (VIII.8, 3)* and once for the supplementary relation replacing the 
homothermal equation (VIII.8, 8)*. 

On the other hand, when we renounce the benefits of this ease of numeri- 
cal nature (which owes nothing to physics), then temperature has to be ex- 
pressed as a function of the variables v and p. We may start from the identity 
(e.2) of Appendix A 


de 
= 3, (Y S), 


and, introducing variables v and p, write successively 


T(v, p) =< 5 p)-2 = (, S) 


OT 
p) ° Zp S) 


| 
| 
4°) 
oa 
> 


slo po (v, p) +, p)-S = (e, 9 


Taking account of wvitni9) we can replace 0p/dv(v, s) by 


Oe Oe 
-|r + ap p|/c (v, P), 
and obtain 


Oe oT 
T(v, p) = E + 5, p) ap p) — slo p)5 “(0 p), 


which can be further written as 


O OT 
= (e, e) OT By p) 
T(v, p) =| p— ‘=—(, p) (VIII.13) 
Py, ey | OP Py 6) 
Oe Oe 


There too, the “black box” 1s sufficient for calculating the coefficients of 
the temperature derivatives. For all that, however, all the difficulties are not 
overcome concerning the calculation of the temperature itself, as is apparent 
from the highly pertinent analysis made by Fickett and Davis [6, pp. 122- 
123]: “If e(v, p) is known in some region of space (v, p) and if the temperature 
is given along some nonisentrope (noncharacteristic) arc, then the tempera- 
ture T(v, p) is determined over the band between the isentropes through the 
two end points of the arc, and within the domain of definition of e.” 
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Concerning the use of the pseudopotential p(v, e), there is another diffi- 
culty, which is not trivial: that of a representation which is thermodynami- 
cally admissible in the entire domain of application. This problem will be 
dealt with in §XII.4.2. 


4. Decomposition Law 


4.1. Temporary Solutions 


This section aims to provide a precise description of function S introduced in 
(VIII.5, e), to express the variation in reactivity as a function of the state of 
the mixture and/or the initial substance and/or the final substance. Because 
of the nature of m—a macroscopic unknown indicative of the degree of 
progress of the fictitious transformation (a) > (b) to which the chemical evo- 
lution of the explosive is reduced—this function cannot result from ab initio 
calculations which would take account of the succession of steps of the reac- 
tion process. It can result only from a phenomenological analysis on the 
one hand, and from an interplay between numerical and physical experi- 
ments on the other. Furthermore, both types of experiment must be well 
chosen. This implies that in the case of the first type, the results must be 
indicative of function S, to the exclusion of the other terms in the numerical 
model; this condition is but easily satisfied, as results from the coupling with 
the variants according to source term and exchange terms (see Section 
VIII.2), with the equations of state (see Chap. XII), and with the methods of 
numerical analysis proper. This means that, for the second type, the experi- 
mental apparatus and the measurements, must be sensitive to the micro- 
scopic parameters influencing S (see Chap. IX). Thus, because physical 
modeling, numerical analysis, dynamic instrumentation and, indeed, even the 
static characterization of samples overlap, the problem of determining func- 
tion S remains one of the most controversial questions in publications 
devoted to explosives. 

However, one thing at least is clear (see Section VII.1), the ignition of a 
condensed explosive takes place in privileged sites called hot spots, whose 
appearance relates to several local heating mechanisms and whose distribu- 
tion depends on the initial heterogeneity of the explosive: texture in a solid 
explosive, impurities, and even initial temperature fluctuations about an 
average value (see Dremin [5]) in a liquid explosive. 

Considering the easy terms of numerical nature which the impasse on 
temperature affords (see §3.4), we should not be surprised to see a method 
termed “C—J volume burn” appearing at an early date (since the first com- 
puters) (see Wilkins [19], Mader [11]), which consists of replacing equations 
(VIITI.5, e, f, d’, g, i, j, k) by 


My = (Vo — vy)/(Vp — vy); 


, (VIII.14) 
P, = mp" (vz, eg), 
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where only the pseudopotential p?(v, e) of (b) appears. With certain adjust- 
ments in the neighborhood of limits m = 0 and m = 1, this method appears 
remarkably simple and effective for one-dimensional rectilinear and one- 
dimensional convergent flows, but is unsuitable for one-dimensional diver- 
gent and two-dimensional flows which are found to be the commonest. The 
numerous attempts made to remedy this want find expression in algorithmic 
devices which clearly emphasize the physical limits of the method. 

Diametrically opposed to “C—J volume burn,” which ignores temperature, 
we have the “Arrhenius burn law” 


dm T* 
= _ # _— 
qi (1 —m)Z exp( T ), (VITI.15) 


which is explained by the finite difference equation 


n+1 


n 
My —M,_ _ 


# 
At = (1 — mj)Z” exp (-%). (VIII.15)* 
This method makes the progress of the transformation (a) > (b) no longer 
rest on the volume compression of the mixture, but on the heating of (a). To 
take an example, we quote the constants used by Mader [11] for nitro- 
methane and penta-erythritol, which will serve as a reference on many occa- 
sions in the following chapters, 


Z* (s-*) E* (kcal/mole) T* = E*/® 


To evaluate this method, we quote Mader [11, pp. 156—157]: “One can use 
Arrhenius kinetics to describe the gross features of the explosive thermal 
decomposition of nitromethane over a surprising range of temperatures, 
times, and pressures. Since it is well known that the dominant mechanism of 
decomposition varies with temperature and pressure (...), it would be useful 
to investigate the compensating mechanisms which permit the use of such 
a simple description of the kinetics.” Unfortunately, the qualities of law 
(VIII.15) vis-a-vis homogeneous macroscopic explosives (liquids and mono- 
crystals) are of no help when we wish to take account of the influence of 
parameters of aggregation or crystalline texture of an inhomogeneous solid 
explosive at the scale of one micron, which is what must be considered in a 
phenomenon of propagation where the velocity is of the order of millimeters 
per microsecond, and the time resolution of currently available instruments 


(see Chap. X) is of the order of one nanosecond. Hence the need to have 
recourse to other methods. 
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4.2. From Hot Spot to Reactivity 


Models which deviate from both “C—J volume burn” and “Arrhenius burn” 
may as a first approach be classified into two groups. 

In the first (“bulk burn”) we suppose that the mixture is sufficiently inti- 
mate that dm/dt can be considered as resulting directly from a volume trans- 
formation. This hypothesis fits in well with the homobaric and homothermal 
hypotheses of the reference model, and also with a function S having as 
argument the state variables of the mixture. The “C—J volume burn” and 
“Arrhenius burn” laws belong to this group. 

In the second (“surface burn”) we suppose that during a nonnegligible 
phase, m tends to 1 by divergent expansion of flame fronts, each of these 
fronts having as origin a hot spot and separating the final hot component (b) 
in the interior from the cold component (a) at the exterior. This hypothesis 
may or may not be paired with the homobaric hypothesis (N.B. elementary 
flame theory neglects the pressure drop across the front); on the other hand, 
it is incompatible with the homothermal hypothesis for which a possible 
substitute is that of the isentropic evolution of (a) downstream of the ignitor 
shock. 

It would be rather tedious to recall every attempt over 25 years to go from 
“hot spot to reactivity.” With the risks which that entails, we shall limit 
ourselves to recalling in this subsection the attempts of three schools, which 
were either important landmarks for their time or which still have practical 
significance. 

“Surface burn” first appeared in Bernier [2] who in 1964 envisaged “grain 
burn” and “hole burn” simultaneously, and proposed a flame front velocity 
of type ap* + b (where a, b, and a are adjustable parameters), based on many 
experimental arguments. This idea of retaining pressure as a pilot quantity 
of the transformation (a) — (b) is slowly gaining ground. Thus, from 1976, 
Mader and Forest [12], while remaining faithful to “bulk burn,” abandoned 
the Arrhenius law for a law of the type 


n=14 
—=(1- m)-exp( y 20" for Pmin <P <P, (VIII.16) 
0 


n= 


called “Forest fire,” which certainly is based on a physical hypothesis (see 
§IX.1.3) but which suffers from not having been established independently 
of the thermodynamic treatment of the mixture (a) + (6). A thorough 
phenomenological analysis was performed in 1985 by Tang [17] and 
Johnson [7] to overcome this difficulty: their model, called “explicit hot spot 
process” is innovative in many respects and arises from the linkage of two 
rate laws. 

New approaches appeared in 1978. The works of Wackerlé [18] and 
Anderson [1] on the one hand and Nunziato [13] on the other are of the 
“bulk burn” type and consist of an extension of the Arrhenius law. The 
former allow the frequency factor Z to be proportional to the square of 
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the ignitor shock pressure f, and that it may be corrected by a factor 
G(p, t) which acts as an induction time variable in inverse ratio to the 
pressure 


dm ~ (1 — n): f?-G(p, t)- exp Ge) (VIII.17) 
dt T 

The latter allow a locally higher temperature to exist on the surface of the 
grains (almost homothermal hypothesis) and it is this that must be taken into 
account in the Arrhenius law. Their arguments remain phenomenological 
and the outcome rather qualitative, according to the authors themselves. 
Moreover, the stated inadequacies led Kipp and Nunziato [8] to give it a 
supplementary dimension: 


e by distinguishing grains of explosive and bonding agent in the initial 
substance (a); 

e by supposing the mixture to be heterobaric—heterothermal; 

by decomposing the bonding agent according to an Arrhenius law; and 

e by making the grains regress by a flame front velocity proportional to a 
variable nth power of the pressure p’. 


The authors point out the “good general agreement with the experiment” 
obtained in the framework of Wondy’s one-dimensional Lagrangian 
hydroreactive code. One might also add, however, that the complexity of the 
equations is in opposition to the goal sought: the applicability to 
two-dimensional geometries. 

For their part, Lee and Tarver [10] in 1980 proposed yet another model 
of the “bulk burn” family with an additive law of the type 


o = (1 — m)”9 E (*% = 1) + G-m?p? |, (VIII.18) 
Dp) 


where I, G, and z are variable parameters which, for penta-erythritol, for 
example, have values 


I = 20 ps, 
G = 400 ps"*-(M bar)”, 
z= 1.4. 


(N.B. The hat over v stands for the value of the mass volume of (a) down- 
stream of the ignitor shock, according to the notation introduced in §III.6.3.) 
In (VIII.18), the first term is introduced in order to simulate the hot spot 
formation phase (“ignition”), while the second term is constructed to take 
account of the growth phase of the transformation (a) — (b) starting from hot 
spots (“growth”). Like the authors of other models, Lee and Tarver could 
take advantage of numerous examples of agreement between experimental 
and numerical results descended from a one-dimensional hydroreactive code; 
they could also, like Mader and Forest then Tang and Johnson—and for the 
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same reason of closeness to the reference model—achieve the insertion in a 
two-dimensional reactive flow code. 


4.3. Ingredients of a Unified Theory 


(See Cheret, Comptes Rendus Acad. Sciences, Paris, vol. 306, Series II (1988), 
p. 863.) 

The models summarized in the preceding subsection are very diverse. “Bulk 
burn” and the homothermal hypothesis figure alongside “surface burn” and 
the heterothermal hypothesis; the additive formulation has some adherents 
(e.g., Lee and Tarver), also the multiplicative formulation (e.g., Wackerlé and 
Anderson); the factor 1 — m is even questioned by certain researchers (Lee 
and Tarver). Within each team, the complexity and number of floating pa- 
rameters continue to increase in proportion to the increase in the number 
and precision of the experimental results. Each team records successful re- 
sults, though it is, nevertheless, difficult to discern what is owed to the choice 
of experiments, to the adjustments carried out, and to the physical value of 
the law itself. So much so that none of them enjoys unqualified support, 
whether from the point of view of the physical basis or from the point of view 
of the algorithm facility. 

At the risk of adding to the reader’s perplexity, we venture to lay the 
foundations of a unified model, starting from the following idea: just as the 
theory of sensitivity to “shock” was (see Chap. VI) due to including primary 
and secondary explosives, so also the formulation of reactivity S is due to 
including explosives termed homogeneous and those termed heterogeneous. 
This requirement has two consequences. It leads to adopting uniformly the 
homobaric—homothermal hypotheses which are indispensable for homoge- 
neous explosives. It also leads to searching for S in the form of a sum of two 
terms: 


e an Arrhenius type molecular rate law term S’, 
T* 
S=Z ——_ }; d 
exp( 7 ) an 


e an aggregate rate law term S” which 1s to be specified. 


It must be emphasized that this description means the superposition of two 
rate laws, as in Partom [14], and not a coupling, as in Tang and Johnson [7], 
[17]. 

We note first that the contribution of S” becomes all the more important 
as the time which the wave of velocity U takes to traverse the characteristic 
length Lof the aggregate diminishes, and approximates to the characteristic 
time associated with the rate law S’; this argument invites consideration that 
S” is proportional to the ratio U/L. We then note that S” must be, for m = 0, 
a function sensitive to temperature T attained at the surface of purely explo- 
sive domains, according to an Arrhenius law in exp(—T */T). We note finally 


4. Decomposition Law 187 


that (1 — m)S” must be an increasing function of m in the neighborhood of 
m = +0 (geometric increase of flame front issuing from each hot spot) and a 
decreasing function of m in the neighborhood of m = 1 — 0 (merging of flame 
fronts). 

The simplest choice of S” which corresponds to these conditions is 


gy _ Ul— 2m, +m 
L (1 — m,)’ 


where m, is defined in ]0, 4[ by 


Figures VIII.1(a) (b) lighten the variation of function (1 — m)- S”(m, m,). 

In order to formulate the aggregative rate law completely, in terms com- 
patible with the continuum model of VIITI.2, it remains to express L and Tas 
a function of the stress and of the aggregate state parameters. As far as L is 
concerned, all the experimental knowledge points to a fundamental, if not 
unique, role for the degree of division; the initial idea was to choose the 
average grain size for L. However, owing to the practical difficulty which 
arises when attempting to estimate this size from a histogram, it seems prefer- 
able to introduce the specific surface og of the powder which serves as a base 
for the aggregate, and to let 


1 
Po% 


It remains to give a formulation of the temperature T: this will be done in 


ru 


S” (0, m;) (1 —m). S” (m, m,) 


m, = 0,5 


0o=<=m,<0,5 


=0 


0 0,5 mM, 0 mM, 0,5 1 m 
(a) (b) 


Figure VIII.1. Aggregative rate law: (a) S”(0,m,) function of m,; (b) (1 —m): 
S”(m, m,) function of m. 
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§X1.3.1 in the following chapter on the generation of detonation by plane 
shock. 


References 


[1] ANDERSON, A.B. et. al. Shock initiation of porous TATB. Proc. 7th Symposium on 
Detonation, Annapolis/MD (1981), p. 385. 

[2] BERNIER, H. Contribution a l’étude de la génération de la détonation par impact. 
Thése de doctorat és sciences. Paris (1964). Rapport CEA 2497. 

[3] DAMAMME, G., MISSONNIER, M. Simulation of the reaction zone of hetero- 
geneous explosives. Proc. 7th Symposium on Detonation, Annapolis/MD (1981), 
p. 641. 

[4] Doncuy, P., LEGRAND, N. Numerical simulations of non-ideal detonations of a 
heterogeneous explosive with 2-D Eulerian code CEE. Proc. 7th Symposium on 
Detonation. Annapolis/MD (1981), p. 695. 

[5] Dremin, A.N. On condensed explosives detonation decomposition. Proc. Sym- 
posium H.D.P. Paris (1978), p. 175. 

[6] FickeTT, W., Davis, W.C. Detonation. University of California Press, Berkeley 
(1979). 

[7] JOHNSON, J.N., TANG, P.K., Forest, C.A. Shock wave initiation of hetero- 
geneous reactive solids. J. Appl. Phys., 57 (1985). 

[8] Kipp, M.E., NuUNzIATO, J.W., SETCHELL, R.E. Hot spot initiation of heteroge- 
neous explosives. Proc. 7th Symposium on Detonation, Annapolis/MD (1981), 
p. 394. 

[9] LANDAU, L. D. LirscHiTz, E.M. Fluid Mechanics. Pergamon Press, London 
(1959). 

[10] Lee, E.L., TARVER, C.M. Phenomenological model of shock initiation in hetero- 
geneous explosives. Phys. Fluids, 23 (1980), p. 2362. 

[11] MAper, C.L. Numerical Modeling of Detonations. University of California Press, 
Berkeley (1979). 

[12] Maper, C.L., Forest, C.A. Two-dimensional homogeneous and heterogeneous 
detonation propagation. LASL Report LA 6959 (1976). 

[13] NuNzIATO, J.W., WALSH, E.K., KENNEDY, J.E. A continuum model for hot spot 
initiation of granular explosives. Proc. Symposium H.D.P., Paris (1978), p. 139. 

[14] PaRTom, Y. Characteristics code for shock initiation. LANL, Report LA 10773 
(1986). 

[15] Partom, Y. A void collapse model for shock initiation. Proc. 7th Symposium on 
Detonation, Annapolis/MD (1981), p. 506. 

[16] RICHTMyYER, R. D., MORTON, K.W. Difference Methods for Initial Value Prob- 
lems. Interscience, New York (1969). 

[17] TANG, P. K., JOHNSON, J.N., Forest, C.A. Modeling heterogeneous explosive 
burn with an explicit hot spot process. Proc. 8th Symposium on Detonation, 
Albuquerque/NM (1985), p. 52. 

[18] WACKERLE J. et al. A shock initiation study of PBX 9404. Proc. Symposium 
H.D.P., Paris (1978), p. 127. 

[19] WiLkins, M.L. Calcul de détonations mono et bidimensionnelles. Proc. Col- 
loque C.N.R.S. Ondes de Détonation, Gif-sur-Y vette/France (1961), p. 165. 


CHAPTER IX 


Generation of Detonation 
by Plane Shock 


1. From Shock to Detonation 


1.1. Field of Investigation 


In a very particular sense, generation of detonation by plane shock has 
already been approached in §III.6.2, which dealt with the birth of a simple 
detonation. There we came to conclusions bearing on the local conditions of 
incipient development of chemical reactions downstream of a shock. 

We take up this problem again here, as in [13], in a global form: we 
discuss the evolution of the entire flow from the instant when a shock type 
stress begins to reach the explosive to the instant when the detonation can be 
considered to be built-up in the sense of §III.6.2 (L’ « L). However, the exposi- 
tion is intentionally restricted from two points of view. As far as its objective 
is concerned, the task is to extract from the voluminous literature the experi- 
mental laws which govern this evolution as a function of stress parameters 
and parameters proper to the explosive. As far as the field of investigation is 
concerned, we restrict ourselves to a consideration of geometries where: 


e the stress is a “plane” shock; 

e the priming boundary is a plane with which the incident shock “coincides” 
at instant 0; and 

e the observation zone is sufficiently far away from the free boundaries so 
that the flow there is independent of lateral compressions, and therefore 
one-dimensional rectilinear in the direction normal to the incident shock. 


The conception and realization of such experiments is far from trivial, 
as we have endeavored to show from the indications given below on the 
problems raised and the precautions taken. 

The first of these concern the planarity of the incident shock. In the case 
of a shock induced by a projectile, the quality of the experiment depends on 
controlling the deformation of the projectile and/or taking account of pos- 
sible deviations from planeness on the one hand, and parallelism with the 
priming boundary on the other. In the case of a shock induced by explosive 
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generator, the quality of the experiment depends on controlling the wave 
shapers. In all cases, it is important to ensure good homogeneity of the recep- 
tor explosive, in terms of volume mass for a solid (App < 3 mg/cm?), temper- 
ature for a liquid (AT, < 0.1 K), or composition for a compressed gaseous 
mixture. In a general manner, the time deviation from planeness must remain 
coherent with standard precision for the dimensions of the assembly 
(5 x 10°? mm), related to the typical shock velocity (5 mm/ps), say 10 ns. 
The second factors concern the one-dimensional rectilinear character 
of the flow, and derive from a well-known result from fluid mechanics: 
for an induced shock of velocity U, downstream of which the material veloc- 
ity is G and the velocity of sound is 4, the depth of the zone perturbed 
by the lateral compression at a distance X from the entry surface is 
X tan(1/U)./a? — (U — &)*. When 4 varies due to chemical evolution, this 
estimate should be raised by replacing, for example, 4 by a,. Typical values, 


U = 4.5 mm/ps, 
a = 1.5 mm/us, 
a, = 6mm/ps, 


lead to an angle of perturbation of 50° which researchers are accustomed to 
make allowance for when they choose an “angle of observation” less than 40° 
(36° 5’ according to Campbell [6], 16° 45’ according to Bernier [4], and 
20° according to Droux et al. [11]). 

In other words, the distance over which a rectilinear flow may be observed 
is at most of the order of the smallest dimension of the priming boundary. 
Also, in other words, the effective observation of the build-up to a detonation 
in a rectilinear flow, when this build-up is slow, is conceivable only on a 
large-diameter structure. As, however, the observation of a rapid build-up is 
limited by the space-time resolution of the apparatus, it can be seen that the 
current experiment allows an exploration of only a restricted band of varia- 
tion of the priming parameters. This established fact shows the interest which 
attaches to controlling the numerical modeling (Chap. VIID and in particular 
that of the reactivity S. 

Not to be “fooled” by decompressions is a permanent anxiety of the experi- 
menter, which shows up in a number of details of the firing geometries and 
associated observation modes. Thus, for nitromethane, a transparent liquid 
explosive, a glass tube is generally chosen and two observations by slit scan- 
ning cameras (see §X.1.3): “lateral” for a cylinder generator, and “end on” for 
the diameter of the section opposite to the priming boundary. For a penta- 
erythritol (cyclonite (RDX), etc.) monocrystal, a face is made true to serve as a 
priming boundary; in the case of an observation by Raman spectroscopy (see 
Section VI.3) the other faces are left in the rough state but, in order to limit 
reflections due to irregularities of these faces, the crystal is immersed in a 
liquid of similar refractive index (silicone oil, zinc chloride, etc.) itself con- 
tained in a glass cell; in the case of an observation by slit camera, two other 
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Observation 


a [| y, 
t Shock 


Figure IX.1. Diagram of a “wedge” arrangement. 


faces are machined so as to form with the priming surface the lateral face of 
a regular prism whose section is a right-angled triangle (see Campbell et al. 
[5]), priming being achieved along the right-angle face gently inclined to- 
wards the hypotenuse (around 15°—35°) while the observation relates to the 
hypotenuse. This last geometry is known as a “wedge.” 

This arrangement has also been employed for bonded aggregate-type 
solid explosives, unchanged by the American authors, and in the improved 
“double wedge” form by Bernier [4] and then Droux [11]. 


1.2. General Aspects of Propagation 


After the preliminary work of Chaiken [8] and Holland [17], two notable 
articles by Campbell et al. definitely established, in 1960, the main features of 
generation of a detonation by plane shock in the case of [5] homogeneous 
explosives (nitromethane, liquid TNT, penta-erythritol monocrystal, etc.) 
and in the case of [6] inhomogeneous explosives (free aggregates of TNT, 
cyclonite (RDX)-based bonded aggregate, nitromethane-impregnated carbo- 
rundum, etc.). 

The essential qualitative difference between the two groups appears in 
wave path and interface path diagrams in the (t, x)-plane, as shown on Figure 
IX.2(a) and (b). Along the trajectory OI, the priming boundary of the homo- 
geneous explosive is moved with the material velocity & associated with the 
shock velocity U which precedes it along trajectory O°; a detonation is born 
in I and propagates with a velocity Dj —much greater than the Chapman 
—Jouguet (C—J) velocity D, assignable to its initial state of rest—up to the 
“transition point” J° where it overtakes the induced shock, penetrates the 
explosive at rest, and decelerates rapidly until it attains a value close to D, 
from I*(t*, X*). Along its trajectory, the shock induced in the inhomo- 
geneous explosive at first propagates with velocity U; then an increasing 
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Figure IX.2. Sequence of events in the generation of a detonation by plane shock: 
(a) in a homogeneous explosive; and (b) in an inhomogeneous explosive. 
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acceleration phase becomes perceptible which is followed by a decreasing 
acceleration phase which itself comes to an end at a point I*(t*, X*) 
where the velocity stabilizes to a value close to D, and where generally an 
intense luminous emission is observed. 

In order to summarize these differences, one could scarcely do better than 
quote the actual words used by Campbell et al. [6] in the discussion to 
which the experiment led them: 


... (in spite of certain imperfections) “the shock waves were of sufficient qual- 
ity to permit the drawing of a number of conclusions from the experimental 
results. 

It is of interest first to contrast the initiation behavior of homogeneous 
and inhomogeneous explosives (...). The contrasts are as follows: 


(a) The initial shock wave in a homogeneous explosive shows a constant or 
slightly decaying velocity as a function of time; the corresponding wave in 
inhomogeneous explosive accelerates throughout its travel. 

(b) The transition to high-order detonation is very abrupt in homogeneous 
explosive; the transition in inhomogeneous explosive is less so. 

(c) The onset of high-order detonation in homogeneous explosive is accom- 
panied by an overshoot in the velocity, amounting to about 10% in the 
case of nitromethane; no demonstrable overshoot has been recorded for 
inhomogeneous explosive in our experiments. 

(d) Detonation is observed to originate at the shock attenuator—explosive 
interface in homogeneous explosive; at present, it is believed probable 
that detonation occurs at or near the shock front in inhomogeneous 
explosives. (...) 

(e) The experiments with nitromethane—carborundum mixtures have shown 
that the mixtures are much more sensitive than the homogeneous liquid 
nitromethane. The inhomogeneities in the mixture cause shock interac- 
tions with resultant local heating. For initiation, the detailed structure of 
the shock properties of the explosive is more important than are the 
values of the thermochemical constants. 

(f) The material behind the initial shock wave in homogeneous explosive is 
relatively nonconducting for electricity until the onset of detonation; in 
inhomogeneous explosive the material behind the initial shock front 1s 
quite conducting and becomes even more so as the transition to high- 
order detonation 1s approached. 

(g) The initiation process in homogeneous explosive is much more sensitive 
to variation of the initial temperature or to variation of the shock pres- 
sure than it is in inhomogeneous explosive. It is logical to attribute the 
difference between the initiation behavior of inhomogeneous and homo- 
geneous explosives to the voids and other defects in the former.” 


Another difference, this time quantitative, appears through the variation 
—as a function of the induced shock pressure—of two quantities to which 
frequent reference is made in the literature: time to detonation t* (or more 
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X* (mm) 


p (kbar) 


Figure IX.3. Run to detonation X* as a function of pressure pf induced by the shock 
(after [6], Fig. 13). 


rigorously, build-up time) and run to detonation X* (or more rigorously, build- 
up distance). As a suitable example, consider the variation in X* for liquid 
homogeneous nitromethane compared with inhomogeneous solid cyclotol 
(see Fig. 1X.3, adapted from Figure 13 in [6]). Note, in particular, that the 
same distance X* of around 10 mm is obtained for p ~ 85 kbar in nitro- 
methane and for a pressure of about half that value in cyclotol. This point is 
elaborated in the next subsection. 


1.3. Time and Run to Detonation 


Consider first the case of a homogeneous explosive which, despite the 
apparent complexity of Figure IX.1(a), reveals itself as falling within the 
scope of a simple theoretical approach. In fact, as a function of induction time 
t' and velocity Dj, the time to detonation t* and run to detonation X* are 
written 


X* — at! 
t* = t! + a 
D, 
X* = Ut*, 
which is easily transformed to 
+ A 
t*= 1! Dy — 4 
Dj; — U’ 
X* = Ut*. 


Now one estimate of t' is given by the thermal explosion model of Hubbard 
and Johnson [20] 


om 


2 


po! (T*/T) (IX.1) 
ZT*AT *P 
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Table IX.1. Calculation of t', Dj, t*, and X* for industrial nitromethane in the 
type III reference arrangement of Campbell et al. [5]. Values are calculated 
for AT = 3120, and not 3120 + T = 4260 as Campbell did, by mistake. 


Initial state of nitromethane Po = 1.125 g/cm>, Ty = 25° C 
(purity ~ 97 %) 
Induced shock in nitromethane U = 4.5 mm/ps . . 
R => p= p,Ut = 86 kbar 
i = 1.7 mm/ps 


C-J state of nitromethane D, (9 = 1.125 g/cm*) = 6.30 mm/ps 


AD, /Apo = 3.20 m s"*/g cm~? 


Molecular rate law constants Z = 10!*®s-1 = 4.1014 57! 
RT* = 53,600 cal/g <> T* = 27,000K 


t! = 0.75 ps 
Dj = 10.18 mm/s 


which is none other than (VII.4) where E * is replaced by RT * and Q by c, 
AT. Dj is estimated by another route by supposing that D, — 0 is little 
different from the C—J detonation velocity for an initial density equal to that 
of p)U/(U — ti) realized downstream of the induced shock. Table IX.1 pre- 
sents Campbell’s data for estimates of t’, Dj, t*, and X* in one of the refer- 
ence arrangements for nitromethane. Formula (IX.1) provides ample evi- 
dence for the extreme sensitivity of t! and, consequently, of t* and X* at 
temperature T; we shall return to this aspect in section IX.2 devoted to 
“sensitivity.” 

For an inhomogeneous explosive, the observation of wave and interface 
motions alone does not allow us to imagine the fate suffered by each slice of 
explosive and even less how this fate varies from one slice to another. This is 
why most of the studies subsequent to those of Campbell et al. relate to the 
Lagrangian analysis of the flow [1], [9], [12], [21], [22], [35], [36], [39]. 
Some of the methods of measurement developed in X.2 permit direct access 
to pressure profiles (piezoresistive gauges) and material velocity profiles (elec- 
tromagnetic gauges). 

Two typical diagrams (see Fig. [X.4(a) and (b)) derived from Erickson [12] 
and Wackerlé [36] show how the decomposition consecutive to the passage 
of the induced shock in the explosive is coupled to the flow: the pressure 
profile (material velocity) not increasing on the priming boundary (X = 0) 
acquires a progressively more pronounced peak (X = 2, X = 4.1, X = 6.1 
on Fig. [X.4(a); X = 1.04, X = 2.10 mm; X = 3.79 mm on Fig. IX.4(b)) and 
tightens until reaching a maximum when X = X*. The currently acceptable 
interpretation is as follows. In a slice adjacent to the priming boundary, 
decomposition develops slowly and thus is not manifest until some consider- 
able time after the passage of the induced shock. This decomposition, even 
partial, is sufficient (see §VIII.3.1) to augment the “driving gradient” and 
thus progressively reinforce the induced shock, and increase the temperature 
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Figure IX.4. Lagrangian analysis. Typical recordings of: (a) velocity by electromag- 
netic gauge (after [12]); and (b) pressure by piezoresistive gauge (after [36]). 


attained downstream of the shock and at the same time magnify the reactiv- 
ity. The pressure and velocity profiles become narrower; finally, an autono- 
mous detonation (see §III.4.2) is built up when the maximum velocity is attained 
immediately downstream of the ignitor shock. 

For each slice, we can define an induction time t'(X) by choosing as refer- 
ence event (see §VII.2.1) the start of the decrease in pressure or material 
velocity; then, to say that a detonation builds up is equivalent to saying 
that there is a X* such that t! (X) tends to zero when X tends to X*. 

Thus, for an inhomogeneous explosive, the time and run to detonation 
result in a coupling between decomposition and movement over the entire 
domain between the priming boundary and the induced wave as long as it 
has not become an autonomous detonation. Under these conditions, one 
may imagine that an estimate of t* and X* is not within the compass of 
elementary theory, but belongs on the other hand to the specialized domain 
of numerical investigations based on experimental laws. Among these, two 
assume a simple physical significance and are generally the subject of linear 
representations (see Table IX.2): 


e U=A + Bi, giving the induced shock velocity U as a function of the 
material velocity 0 at the interface; and 

e log X* = a — blog f, giving the run-to-detonation distance X* as a func- 
tion of pressure p downstream of the induced shock (often called “Pop- 
plot” after A. Popolato, one of its proponents). 


These laws play an essential role in Forest-fire type decomposition laws (see 
§VIII.4.2) based on the so-called “single curve build-up principle” due to 
Mader [25] and Lindstrom [23]. According to this principle, everything 
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Table IX.2. Linear representation of diagrams (log pf, log X*), (4, U): («) values 
obtained when linear smoothing takes account of an experimental estimate of the 
hydrodynamic velocity of sound when i = 0; and (f) X* in mm, pf in kbar, U and 


a in mm/us. 
logX*=a—b logp (f)| U=A+Bi_ (f) 
a b A B References 
PETN Ramsay and 
Po = 1.75 g/cm? 1.31 2.2 2.26 (a) 2.32 Popolato [30] 
PBX 9404 Kennedy [22] 
Po = 1.83 g/cm? 3.33 1.57 2.42 (a) 1.88 Mader [26] 
comp. X/X, Aveillé 
(Po = 1.82 g/cm?) 3.33 1.37 2.89 2.00 et al. [2] 
comp. T/T, Aveille 
(Po = 1.88 g/cm?) 6.71 2.72 2.50 2.10 et al. [2] 


happens as if 


e in the time interval (0, t*) the propagation was that of a “reactive shock” 
of velocity u’, pressure p’, velocity U’ = A’ + B’u’ (A’ = A, B’ = 4B/3, see 
[26]); and 

e pressure p’ at X abscissa in itself determined the distance X* — X remain- 
ing to run to detonation, the corresponding functional relation coinciding 
with the pop-plot, considered as giving the distance X* remaining to run 
when the pressure is p. 


This principle—for details of which we refer the reader to the original 
papers [26], [27 ]—has the advantage of dispensing with a direct formulation 
of the reactivity and yet leading to results in agreement with experiments in a 
fair number of arrangements. It has limitations, however, the most serious of 
which is not being able to account for the arrangement where a weak shock 
“desensitizes” the inhomogeneous explosive and confers to it, relative to any 
subsequent shock, the reactivity of a homogeneous explosive. 

A final remark regarding the relation between X* and p deserves atten- 
tion. Certain authors (see Droux et al. [11]) propose a representation where 
X* tends to infinity when p decreases towards a limiting value p, (p, » 26 
kbar for composition X/X, in Table IX.2). It is tempting to rely on this limit 
p, to devise a scale of sensitivity to shock (without inverted commas), an 
explosive being termed more sensitive the lower the value of 6, with which 
it is associated. This approach must be considered with prudence, for two 
reasons. The first is because p, is a practical limit associated with a firing 
configuration, increasing the dimensions of which is sufficient to reduce p, 
and this is more notably the case the more “insensitive” the composition. The 
second reason is because it is possible to find by Lagrangian analysis a de- 
composition on the priming boundary or, indeed, at some distance from this 
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boundary, even for pressures p less than p, but still greater than a value f''. 
Concerning f' and p, = f\, it is appropriate to employ a more precise lan- 
guage (ignition threshold pressure for the former and critical pressure for the 
latter), and to replace these quantities in the framework of an analysis of the 
“sensitivity” of an explosive substance. This is the subject of the next section, 
where we consider the group of impact-induced stresses, which lends itself to 
a parametric approach. 


2. ‘Sensitivity’ of an Explosive Substance 


2.1. Detonability Thresholds by One-Dimensional Impact 


In the general discussion of Section IX.1, it was implicitly supposed for the 
sake of simplicity that the stress on the priming boundary varies only slightly 
during the time to detonation t*. In fact, this condition is only rarely an 
automatic consequence of the precautions taken to ensure planeness of the 
stress and one-dimensional rectilinear character of the flow; additional pre- 
cautions are necessary with regard to the thickness of the barrier which 
conveys the stress emitted by an explosive generator or that induced by the 
impact of a projectile. Some simple rules, based on the properties of one- 
dimensional decompression waves, well known since Riemann, provide suit- 
able dimensioning. In the case of a projectile launched by powder gun or by 
exploded metal foil (see §XI.4.2), they provide the means of controlling the 
time t during which pressure maintains a quasi-constant value on the prim- 
ing boundary: the highest-performing equipment [38] justifies t values from 
10 nanoseconds to a few hundred nanoseconds. A possibility therefore opens 
up for exploring the detonability of an explosive, not only as a function of the 
induced shock pressure but also of the time for which it is maintained. 
Taking account of the general observations reported in the previous sec- 
tion relating to build-up to detonation, it is obvious that a pressure p leads to 
the build-up of the detonation if the time t during which it is maintained is at 
least equal to t*(p), and that it does not result in a detonation if t is very 
much less than t*(p). There is therefore a threshold value t(p) for which t*(p) 
is an over-estimate; the excess itself can be approximated by the time taken 
by the decompression, which originates behind the projectile, to rejoin the 
shock induced in the explosive. This simple observation is at the base of the 
experimental determination of a threshold relation between projectile thick- 
ness and velocity. Having chosen a thickness e for the projectile (therefore, 
the induced shock pressure p survives for a time t), we proceed to a series of 
shots while making the velocity V of the projectile increase (therefore, the 
value of the induced shock pressure) until observing a luminous effect indi- 
cating an established detonation; this is repeated for different values of e. 
With reference to the critical energy model of Walker and Wasley [37], 
which supposed 1(p) to be proportional to 1/p?, experimental results are 
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Figure IX.5. Detonability threshold by one-dimensional impact (after Monodel [18] 
for two TATB compounds): (a) relation between pressure p and duration tT; and (b) 
relation between velocity V and thickness e of the projectile. Solid lines join experi- 
mental points. Broken lines correspond to the law p?t = constant. 


often the subject of a linear representation of log p as a function of log t(p). 
In fact, the numerous results accumulated by Weingart and co-workers [38], 
[39] show that this model has a domain of validity limited to brief pulses (up 
to at most 100 nanoseconds). It is therefore preferable to retain a representa- 
tion in the plane (e, V) which lends itself to a simple physical interpretation 
in the entire range of experimental conditions (see Fig. [X.5(a), (b)). 

The interpretation of this detonability threshold by one-dimensional 
impact has been the subject of many papers (see Hayes [16] and Longueville 
[24]) which we could not hope to summarize, so great is the diversity 
of approaches and explosives considered. On the other hand, it is easy to 
localize the origin of this diversity in the essential role played (see §2.1 second 
alinea) by the difference t*(p) — t(p), the evaluation of which is linked to the 
model of the propagation of a decompression in a reactive medium. 


2.2. Detonability Thresholds by Two-Dimensional Impact 


The general discussion of §IX.1 contains another implicit hypothesis, know- 
ing that the stress is maintained uniformly over the entire priming boundary 
during the time t* necessary for build-up to detonation. In fact, due to release 
waves originating from the free surface of the projectile, this condition is 
never Strictly satisfied, whatever precautions are taken to ensure planarity of 
the stress and the one-dimensional rectilinear character of the flow in some 
part of the explosive. This situation lends itself to a simple qualitative 
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analysis, when the impact is due to an axisymmetric projectile of diameter @ 
less than the priming boundary of the explosive, but long enough for the 
effects called to mind in §2.1 (from the one-dimensional release wave originat- 
ing from behind the projectile) to be negligible. 

Taking into account the general observations reported in the previous 
section with regard to build-up to detonation and the conclusions of §III.6.3 
on the critical diameter ¢,, it is obvious that a pressure p induced during 
impact can only lead to the build-up of detonation if the diameter of the circle 
on which it is still maintained at the end of time t*(p) is at least equal to the 
critical diameter ¢,, and that it does not lead to such a build-up if this diameter 
is less than @,. There exists, therefore, a threshold value @~(p) of the projectile 
diameter for which ¢, is an under-estimate, the shortfall itself being able to be 
approximated by the radial distance traversed by the release wave, which 
originates on the edges of the projectile, during time t*(p). Green [15] gives a 
method for approximating @(p). 

The preceding discussion is at the base of the experimental determination 
of a threshold relation between the projectile diameter ¢ and velocity V. 
Having chosen a projectile diameter @, we proceed to a series of shots while 
making the velocity V of the projectile increase (therefore, the value of the 
induced shock pressure p) until observing an effect (luminous or other) indi- 
cating a built-up detonation; this is repeated for different values of g. An 
example of detonability threshold by two-dimensional impact is given in 
Figure [X.6(a) and (b), taken from [3] and [38]: we note that the excess 
t(X) — (X/D,,) becomes negative when the pressure exceeds a value of the 
order of p,, and becomes infinite positive when p drops below 25 kbar. 

Based on experimental results, Moulard [28] generalized the concept 
of detonability threshold by two-dimensional impact to geometries where 
the impact area is not a circle but a nonaxisymmetric (rectangle) or non- 
connected (ring) area. He obtained a unique representation of all his results 
and those of [3] by substituting the initial impact area for the diameter 
oy. However, the justification which he gives (volume of explosive affected by 
the ignition) and the consequences which he derives from it (“sensitivity” to 
impact) are, at least, debatable: another approach would consist, for each 
configuration, of a preliminary investigation of the extinction/bifurcation 
conditions in the extension of that in §III.6.3, with regard to the circular area. 


2.3. Nonmolecular Factors of “Sensitivity” 


In Chapters I-VI, we relied mainly on molecular and continuum models for 
the definition of the explosive and the study of detonation and sensitivity to 
“shock.” In Chapter VII, first with regard to hot spots, then in Chapter VIII 
with regard to reactivity, the gaps in and limits of these models have emerged 
from a consideration of experimental results. They recall, if need be, that an 
explosive structure—as the subject of physical experiments or practical uses 
—1s a product of the chemical industry and therefore governed by laws which 
result not only from basic molecule(s), but also from others attributed to the 
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Figure IX.6. Plane impact of a PBX 9404 target by a projectile of velocity V and 
diameter ¢: (a) Detonability threshold V(q), after [3]; and (b) Excess transit time as a 
function of V, after [38]. e Detonation. o Nondetonation. 


physical state and still others attributed to all the stages of the operational 
mode of preparation. 

There is little need to search very far or deep for an illustration of this 
point. We know what Nobel’s fortune owes to the difference between nitro- 
glycerine and dynamite; likewise, the powder worker knows how much— 
during cold weather—his own safety depends on his care to avoid a speck of 
nitroglycerine slipping under his feet; further, gun merchants know what they 
owe to the low melting point of TNT? Nevertheless, in spite of the already 
long history of the explosives industry, it is illusory to claim to have drawn 
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up a compete list of the nonmolecular factors of detonability (although the 
work of L. Medard on occasional explosives represents an important step on 
this road). This is why we confine ourselves here to a point of view restricted 
by two hypotheses: the initial macroscopic state is well described by a fluid 
behavior (variables Ty, (9, Po) while the mesoscopic state is well described by 
a granular distribution or a specific surface do. 

Even though restricted to the preceding hypothesis, the literature is abun- 
dant and furnishes the results of varied tests on explosives which are equally 
abundant. 

This very variety, and the disparity of the initial data which accompany it, 
are major obstacles to synthesis. This is why at this point we have decided to 
extract some results judged typical in that they reflect indisputable directions 
of variation and relate to quantities identifiable from one publication to 
another: critical diameter ¢,, critical pressure p,, ignition pressure f', induc- 


Table IX.3. Quantities associated with the “sensitivity” of an explosive substance. 
Ignition pressure fp, critical pressure p,, critical diameter ¢, according to initial 
thermodynamic state p), T, and the mode of preparation: (p) pressed granular, 
(c) cast granular, (7) bonded granular. Square brackets after (p) refer to grain size 
distribution: [g] coarse, [f] fine, [um] medium diameter, [m?/g] specific surface. 


To 
6 fein| [ad ati oti are 


(p)[g] 
(p)[g] 
(p)[g] 


10 Price [29] 
(p) 9 
[140 um] 7 
4.3 
3.3 
2.5 


Taylor [34] 


tis “a Howe [19] 


TNT 
1.18 (p) 
1.62 [30 um] 
1.62 14.5 Campbell [7] 
1.44 ficuaid 62.6 
HNS 25 1.57 (p) 23.2 Roth [31] 
25 1.39 [15 um] - 16 (#) quoted in 
260 1.46 [0.27 m?/g] 9 13.2 [26] p. 266 
[7] p. 647 
PBX 9404 25 1.84 (Z) 15 25 
150 1.77 [94 % HMX] 15 
PBX 9502 —55 (7) Travis 


25 | 1.898 | [95% TATB] 


(Private 
communication) 
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Table IX.4. Quantities associated with “sensitivity” of industrial 
nitromethane at atmospheric pressure. Induction time t’, critical diameter ¢, 
in a glass tube. (N.B. Only the relative variation is to be used in the last 
two lines.) 


To p t! ?. 
(C) (kbar) (us)(+) (mm)(++) References 


(+) Campbell [5] 
(++) Campbell et al. 
quoted by 
Enig and Petrone 
Proc. 5th Symp. 
on Detonation, 
Pasadena CA. 
(1970), p. 99. 


tion time t!. Tables IX.3 and IX.4 provide convincing proof of the validity of 
certain experimental laws displayed in Table IX.5 and give a physical frame- 
work to the design of explosive devices. Thus: 


e a device operating at normal temperature cannot operate at a very much 
lower temperature (¢, and p, increase when T, decreases), 

e the choice of conditions p, and od, of a “sensitive” device consists of finding 
a small enough ¢, without at the same time increasing p, too greatly, the 


Table IX.5. Direction of variation of critical diameter ¢,; critical 
pressure p,, induction time t', as a function of initial temperature To, 
packing density p. and specific surface do. 


Inhomogeneous explosive Homogeneous explosive 
To; Po» % To: Po» Po(To, Po) 
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compromise being generally obtained for a small enough value of py and a 
value of o, that is not too great; and 

e the choice of conditions py and oy of an “insensitive” device consists of 
raising p, to a suitable level without at the same time increasing ¢, inordi- 
nately, a compromise being generally obtained for a large enough value of 
Op and a value of py, that is not too small. 


Table IX.5 also allows us to measure how much the term “sensitivity” — 
no longer applied to a molecule as in Chapters IV—VI, but to an explosive 
substance—is unsuitable and ambiguous, despite its everyday nature. In fact, 
it is as natural to consider that an explosive is much more “sensitive” the 
smaller its critical diameter ¢, or its critical pressure 6,. But, within one 
group of pressed explosives with the same py, and To, ¢, and p, vary in 
opposite directions when go, increases, so that those with a larger specific 
surface will be called “more sensitive” or “less sensitive” according to whether 
we rely on ¢, or p, to judge the sensitivity! This apparent lack of coherence 
results from the fact that the parameters ¢, and p, do not refer to the some 
phenomenon: the former results from the analysis of the propagation condi- 
tions of a built-up detonation (see §III.6.3) while the latter results from the 
analysis of the detonation build-up conditions (see Section IX.3). In fact, 
their value and their variation is the outcome of the coupling of the reactivity 
S to the flow under two different sets of boundary conditions. Hence, the 
Importance attaching to a standardized formulation of S, already broached 
in §VIII.4.3 and brought to a conclusion in the following section. 


3. Reactivity of an Explosive Substance 


3.1. Unified Model 


(See Chéret, Comptes Rendus Acad. Sciences, Paris, vol 306, Series II (1988), 
p. 863.) 

In order for the aggregative rate law introduced in §VIII.4.3 to be completely 
formulated in terms compatible with the continuum model of §VIII.2, one 
further stage remains to be examined (see §VIII.4.3); this consists in express- 
ing the temperature T as a function of quantities linked to the macroscopic 
and mesoscopic states which prevail downstream of the ignitor shock =. 

Let 0D be the boundary, with external normal n, of a connected explosive 
domain D in the downstream neighborhood of =. The temperature T which 
prevails on this boundary is the result of thermal exchanges between the 
interstitial medium where hot sources (“hot spots”) originate and domain D 
proper. Taking account of the fact (see §1.3) that the relative normal velocity 
W and the pressure remain stationary in the downstream neighborhood of 
as long as the decomposition remains insignificant, and neglecting the com- 
ponents of grad T normal to n vis-a-vis the component along n, one may, 
in each medium, write the energy equation (I.28c) of the relative movement in 
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the form: 
dT d?T 
WwW: = —jA—_.. IX.2 
p( n)c,—; dt dt? ( ) 
Let us denote the neighborhood of dD by a length L defined later and 
introducing the reduced distance € = ¢/L and the Péclet numbers Y, and & 
respectively relative to the downstream state of the explosive medium and of 
the interstitial medium; then (IX.2) is written 
2T 
R= -L,  R=D oF, 
d¢ dt’ 
which, in the approximation Y, = constant, is integrated in each medium in 
the form 
T()—TO) 1 » - 
OO. Fil —exp(-ZD1, =A or ® KI 
. 6=T, or TS 
It remains to choose L. . . 

The first idea consists of identifying L with L already introduced in 
§VIII.4.3. Such a choice would however be erroneous, as can be seen by 
taking into account the effects of comminution under shock in Graham’s 
papers [14]. Consideration of these effects leads, a contrario, to constructing 
L from the specific surface 6 > oo realized downstream of the ignitor shock; 
in another connection, the nullity of L required for the homogeneous state 
leads to choosing L proportional to the initial porosity x), defined as the 
difference 1 — Y oa (a) compacity of the aggregate; Y, mass fraction of the 
explosive in the aggregate): finally, one is led to writing 


L = no/pé, 


which may be interpreted as the average depth of the interstitial medium in 
the downstream neighborhood of 2. Taking this physical significance into 
account, it seems reasonable to admit that: 


(i) everything happens as though the interstitial medium were the source of 
a hot spot T situated at an infinite distance ¢ from @D; and 

(11) the temperature excess T — T in the explosive medium affects only the 
zone of unit thickness: —1 < f < 0. 


Then the integral (IX.3) gives 


PoP a  —exp(4 BL @ 

* | (LX.4) 
a (b) 

Z, 


In another connection, the continuity of the normal component of the heat 


206 IX. Generation of Detonation by Plane Shock 


flux vector across 0D 

AT(0) = A’T’(0) 
allows us to eliminate the derivatives "0 and T’(0) in (IX.4) and obtain 

TUP 
1 a iD a — exp #) 
T = 7 —__—_+____. (IX.5) 

1— (1 — expY) 

AP. 


€ 


Making use of the continuity the normal mass flux across »? and of the 
uniform state of rest upstream of ©, we can write (N normal to © oriented 
from upstream toward downstream) 


oN oN , 
(pW) = (pW) = po UN, 


from which we have the equality 


This relation, taking account of well-known laws on c,, is scarcely different 
from unity, so that an approximate quantitative expression of T i 1S 


T 


1+ exp % -— 1] 
T 


Tx T —_______, (IX.6) 
exp & 
which may further be written as 
T ~ _[T 
~=1+4+ [1 —exp(-—¥)] E — | (IX.6’) 
T T 


Furthermore, an examination of the specialist literature (see Ref. [18] of 
Chap. V) and the exponential variation of 4 with pressure (see Ref. [11] of 
Chap. VII) suggest the following orders of magnitude: 


€, = 0.3 cal/g-K, 
h~ 10A,) ~ 0.02 cal/cm:s-K, 


so that an approximate average value of F, is 
~ U 
PY, =~ 150-n):—:<n-N) (U in mm/ps, é in m?/g), ([X.7) 
6 


where <n-N), 1s the average cosine of n relative to N. 
The five factors governing T now clearly appear in the approximate for- 
mulas (IX.6) and (IX.7). In increasing order of complexity these are: 


e initial porosity 75; 
e induced shock velocity U; 
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Table IX.6. Values of T/T for realistic values of 
T/T and Y, and for <n- ND) = 2/3. 


e specific surface 6 after comminution by induced shock; 
e the ratio T/T of hot spot temperature to shock temperature; and 
e the average <n: N) of the cosine of n relative to N. 


As much as the first two appear accessible, the last three factors appear 
outside the range of any measurement or theory, and must merit being 
treated as floating parameters. The few figures presented in Table IX.6 show 
the extreme sensitivity of possible variations, considering that S” is propor- 
tional to exp(—T/T *). 

Allowing for the possibility that the state outside thermal equilibrium, 
which underlies the above analysis of the temperature field, ceases to exist 
from the initial decomposition, i.e., from when m > 0, then the preceding 
arguments added to those in §VIII.4.3 justify a unified formulation of the 
reactivity S =(1—m)‘' dm/dt of an explosive substance, whether it be 
homogenous or inhomogeneous. For the convenience of the discussion, we 
regroup them below: 
p= 150°° Ucn ‘N)  (Uin mm/us, 6 in m2/g), 

T/T = 1 + [1 — exp(—A)I (T/T) — 11, 
1—2m, _ a 
(1 —m,) exp(—T”/T) a ]0, 1[, 1X.8) 


S' = Z exp(—T“/1), 


1—2m, +m 
(l1—m,)* ° 


S _ Ss’ + S", 


Ss” = PoS9U 


It is satisfactory to state that the total reactivity depends on: 


e the induced shock velocity U; 


e parameters inherent to the molecule (frequency factor Z and activation 
temperature T%); 
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e parameters inherent to the initial macroscopic or mesoscopic state (volume 
mass Po, porosity Z,, and specific surface o); and 

e parameters inherent to the downstream state of the induced shock (tem- 
perature T of hot spot, shock temperature T of compact material, specific 
surface 6, and orientation factor <n-N)). 


It is equally satisfactory to state that the lack of porosity (z» = 0) leads toa 
molecular type of initial reactivity; such a limiting behavior explains simply 
the phenomenon of “desensitization” of a pressed explosive by a weak shock, 
established by Campbell [6] and by many subsequent authors: compaction 
by a weak shock suppresses the initial porosity, so that the compressed ex- 
plosive reacts to a subsequent shock like a homogeneous explosive and, in 


particular, presents a higher critical pressure than that belonging to the 
initial state. 


3.2. Lagrangian Analysis 


A complete view of the consequences of the unified formulation (IX.8) can 
emerge only by a numerical investigation of the coupling between decompo- 
sition and motion 1n a broad spectrum of experimental arrangements. How- 
ever, without going as far as the complete numerical solution of the system 
(VIII.8), one can have a semiquantitative view of it by applying it to a series 
of highly instrumented experiments reported by Setchell [32] on hexanitro- 
stilbene powders compressed at py = 1.60 + 0.01 g/cm? (a, = 0.92; Y, = 1; 
Tl, = 0.08): each base powder (HNS-FP; HNS-I; HNS-IT) has a known char- 
acteristic specific surface (8.1 m7/g; 3.9 m?/g 0.94 m?/g) and has been tested 
under three stresses referenced by the pressure p of the induced shock (25 
kbar; 30 kbar; 34 kbar) and the material induced velocity 0 (330 m/s; 390 m/s; 
430 m/s), from which the velocity U = p/p )ii of the induced shock is deduced. 

For each of the experimental arrangements, Table IX.7 gives the values 
of the ratio T/T and T (column 1), p90) U s~' (column 2), and initial aggregate 
reactivity (column 3) estimated from 


Z = 1.53-10° (see [26]), 
T* = 15,250s7! (see [26]), 
T = 400, 422,440K (see [33]), 


T/T = 1.6 (see [24]); 
6 = 104, (see [14]), 
«n-N)> & 2/3 (spherical grains) 


It is important to note that the frequency factor Z in the molecular rate law 
(1.53 x 10° s~*) is less than the pseudofrequency factor poo, U of the aggre- 
gate rate law in the nine figured cases, with the result that the initial molecu- 
lar reactivity is always less than the initial aggregate reactivity. 
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Table IX.7 provides a simple interpretation of Setchell’s recordings shown 
in Figure [X.7: 


e in the five cases where ignition is followed by propagation ((1.30), (1.34), 
(11.25), (11.30), (11.34)), the initial value S” is greater than 0.1 s~* while it is 
less than 0.1 s-! in the other four cases; 

e in the above five cases, the induction time (defined in §1.3 as the time at the 
end of which the maximum velocity is registered) is shorter the greater the 
initial value of S”; an analogous correlation with T is not verified; and 

e in the two cases of ignition (II.30) and (II.34) where induction comprises a 
stage of ultrafast increase (~ 10 ns), the initial value of S” is at least of the 
order of one, while it is considerably less in the three other cases of propa- 
gation. 


The values of S”(m = 0) thus determined illustrate the complex role played 
by the degree of division of the explosive substance: the dependence of T on 
6 means that too much initial division makes ignition more difficult (see 
Table IX.3: f' increases when og increases), while the proportionality of S” 
to dy means that too little initial division makes build-up more difficult. 

In order not to allow the reader to commit himself to a hasty generaliza- 
tion, it is necessary to dwell on the fact that hexanitrostilbene is an exception: 
for current explosives, Z is greater than the largest realistic values of pypo)U 
(107? s“*): 


TNT 2.5-10*?, RDX 2.015: 1078, 
TATB 3.18-107°, HMxX 5-10?, PETN 6.3-10?. 


Thus, for a given explosive prepared under <9, 09, Xo» conditions, there 
generally exists a particular value of the shock pressure p such that the initial 
molecular and aggregate reactivities are equal. This value separates “low” 
pressures, where the initial reactivity is essentially aggregate, from “high” 
pressures where the initial reactivity is essentially molecular. For reasons 
which relate both to this partitioning role and the very notion of induction 
period (see Section VII.2 and §1X.1.3), we call this value critical induction 
pressure and denote it by p.; obviously, we have 


Aji A Al 
p< Pe < De- 


The partition thus realized among the ignitor shocks explains the majority of 
the observations reported by Dremin and Shvedov [10] concerning TNT 


fp, (kbar) 
liquid TNT 135 
cast TNT 120 
paraffined TNT (p, = 1.55-1.65 g/cm?) 110 


pressed TNT (Po = 0.9 g/cm?) 70 
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Figure IX.7. Evolution with time of velocity of rear face of a 2 mm thick HNS disc. 
(N.B. The zero instant corresponds to the arrival of & on this face.) After Setchell [32]. 
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but moderates their conclusion as to the impossibility of “advancing a unified 
theory.” 


3.3. Eulerian Approximation 


Fortunately, it is not always necessary to consider the total reactivity S in its 
explicit and complete form (IX.8). 

First, the analysis of §3.2 shows that one may expect a reasonable approxi- 
mation by assigning values to T/T and 6/69, if not universally valid then at 
least consistent within a given group of explosives. Then the reactivity S(M, t) 
for the particle M(ppo, do, % 9) at instant t depends on: 


e the instantaneous state by the temperature T(M, t) and the decomposed 
mass fraction m(M, t); and 

e the downstream state of the ignitor shock which M has gone through in 
terms of the temperature T and velocity U, from which (see §II.1.5) we 
know that they are determined unambiguously by the specific entropy §. 


Lagrangian reactivity thus appears as a functional of the variables §(M), 
T(M, t), and m(M, t). 

A first simplification may be introduced, which takes account, atm = 0, 
of the proportionaiity to exp(—T */T) and to exp(—T */T) by means of an 
ignition entropy s' such that 


S=0 if m=0,s<s', 


(IX.9a) 
S = §,(s) > 0 if m=0,s>s'. 


A second simplification consists of making use of the strong correlation be- 
tween T and m as soon as the molecular rate law has taken precedence over 
the aggregate rate law, and of attributing this correlation to a common de- 
pendence on s, hence to write 


S=Si(s)>0 if m>O. (IX.9b) 


In addition to the advantage of being simple, expressions (IX.9) are also 
compatible with an Eulerian flow model with the dependent variables (U, v, 
s,m). These properties justify a posteriori the modeling adopted in §III.1.3: a 
function S(s, m) zero for (m = 0, s < s'), increasing positive of s for (m = 0, 
s > s'), positive for m > 0. 
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Part Four 
The Dynamic Characterization 
of Explosives 


CHAPTER X 


Experimental Methods 


The specificity of the experimental methods necessary for the dynamic charac- 
terization of explosives basically depends on two of the properties of the physi- 
cal phenomena involved: their transitory nature and their destructive character. 
In fact, the total duration of an experiment rarely exceeds a few microseconds, 
and the signals collected at the level of the assembly must be transmitted in real 
time and over a distance of several meters before being recorded in an appro- 
priate shed. 

Furthermore, the orders of magnitude in such experiments are very unusual: 
pressures of tens or hundreds of kilobars, speeds of hundreds or thousands of 
meters per second, temperatures in hundreds or thousands of degrees. To meet 
these needs, which are both diverse and specific, many techniques have been 
devised, which are often used together. Because of the size of the subject, Chap- 
ter X is devoted to principles of instrumentation, with Chapter XI illustrating 
them for elementary configurations of simple detonation. In our arrangement, 
we have used classification into optical measurements (Section X.1), electronic 
measurements (Section X.2), and radiographic measurements (Section X.3), and 
devoted Section X.4 to stress generators. As our aim is more didactic than 
practical, the reader in need of methods and details of equipment should refer 
to the numerous specialized publications, in particular, to the Proceedings of 
the First European Congress on Cineradiography Using Photons and Parti- 
cles, published in 1981 by Jacques Marilleau under the aegis of the Society of 
Photo-Optical Instrumentation Engineers (SPIE). 

This synthesis would not have been possible without the friendly assistance 
of Jean Aveillé, Claudine Bizeuil, Jean Bourguignon, Pierre Chapron, Philippe 
Elias, Bertrand Laurent, Jacques Leyris, Roland Loichot, Jacques Montrosset, 
Jean Perraud, Serge Roux, Bernard Udiment, and Patrick Vibert, who have 
given us valuable knowledge gained from their practical daily work in the firing 
area. 


1. Optical Techniques 


Optical techniques allow high temporal resolutions to be reached, with easy 
transfer of the collected signals over several meters, and measurements to be 
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taken without disturbing the flows being studied. These three reasons explain 
why considerable progress is being made with optical techniques in detona- 
tion experiments. Among the numerous techniques which have thus been 
developed, three main families can be distinguished at present: 


— high-speed cinematography and photography; 
— slit scanning cameras and associated optical pick-ups; and 
— velocimetry by laser interferometry. 


1.1. Light Sources 


For every optical technique, there is the problem of choosing the light source. 
This problem is particularly characteristic in the case of measurements 
in detonics, because of the very short duration of the phenomena to be 
recorded, and the significant distance between the experimental assembly 
and the recording shed. These two factors thus require recourse to light 
sources which are very intense but which can function in a pulsed manner. 

Here we will leave on one side the particular case of interferometry tech- 
niques for velocimetry, for which the necessity of coherent light indicates 
the use of lasers which can be considered as integral parts of the measuring 
equipment itself. 

For photographic or cinematographic techniques—which may use inte- 
gral images or slit scanning—the experimenter is often helped by the intense 
autoluminescence of the phenomena studied. However, in some cases one 
cannot count on this providential aid, and must then resort to auxiliary 
sources of lighting, which generally result from luminous phenomena linked 
to ionization of gases, either by shock (explosive flash technique) or by elec- 
trical discharge (electronic flash technique). According to circumstances, 
using some possible developments, they can be used with reflection from 
the object being studied, or with transmission (observation by transparency) 
or with occultation (observation by shadow). 


(a) Explosive Flash 


It has been known for a long time that the passage of an intense shock 
wave in a gas causes considerable heating of the latter, which can lead to its 
total or partial ionization behind the shock front. This ionization is accom- 
panied, because of the free—free transitions (Bremsstrahlung) and because of 
the recombination radiation emitted at the time of the free—bound transi- 
tions, by the emission of a continuous spectrum of high luminosity. This 
phenomenon was very soon used to produce intense luminous sources [22]. 

As monoatomic rare gases have a very small number of degrees of free- 
dom, they ionize very readily under shock. Among them, xenon and krypton 
have the weakest ionization potential and thus allow, for equal shocks, the 
most intense luminous emissions. However, argon is generally preferred, for 
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Figure X.1. Diagram of an explosive flash. 


reasons of cost. To cause ionization, a block of solid explosive is generally 
used as shock generator, the duration of emission from the source being 
regulated by the length of the reservoir of argon in which the shock is propa- 
gated. 3 

Diverse models of more or less sophisticated explosive flashes have been 
built on this principle. However, the most classically used source is that 
shown in Figure X.1. It is formed from an enclosure made from cardboard or 
mild steel sheet, closed on the front face by a transparent plexiglass window. 
A regular cylinder of fast explosive, usually weighing about 500 g, is fixed 
onto the opposite face, within the enclosure. This cylinder is primed across 
the wall of the enclosure by a small relay cylinder of the same explosive, 
which in turn is fired by a detonator. A sheet of aluminum foil covers the 
internal wall of the enclosure to reduce light absorption. 

A few minutes before carrying out the experiment, the air contained in 
the enclosure is expelled by a permanent current of argon passing through 
two orifices cut in the enclosure. The synchronization of the luminous 
emission with the phenomenon studied is regulated by electronic delay gen- 
erators on the firing of the experimental assembly and the explosive flash(es), 
respectively. 

This device, placed some tens of centimeters from the object to be ob- 
served, provides a source of light which is broadly sufficient for the needs of 
high-speed cinematography and photography. 

This source, while relatively cheap and very easy to use in the firing area, 
still presents some problems. In particular, because of the propagation and 
weakening of the shock transmitted through argon, the luminous emission is 
variable over time in position, intensity, and color temperature, which is 
sometimes a nuisance in cinematography. Furthermore, one is dealing with a 
nonuniform extended source. This last fault can, however, be reduced by the 
interposition of diffusing screens in front of the transparent window, which 
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can, for example, provide uniform luminous backgrounds for observation by 
shadow. 


(b) Electronic Flash 


The first electronic flash devices used in high-speed photography to produce 
intense and very brief sources of light benefitted from an electric spark pro- 
duced in the air between two electrodes [3]. At present, the commonest 
systems utilize the discharge of condensers in pulsed discharge tubes filled 
with a rare gas (most often xenon, sometimes krypton or argon). These 
systems function similar to the photographer’s classic electronic flash, the 
principal difference arising from the energy and luminous (and thus electric) 
power, which have to be considerably greater in these applications. 

The actual luminous source is of very simple design: an elongated tube 
of glass or quartz (straight, U, or spiral) filled with a rare gas at low pressure 
(a few bars) and bearing an electrode at each extremity. The use of an external 
electrode for activation is not necessary here: the sharp commutation of the 
high voltage on the electrodes is enough to autoactivate the tube. 

To control the shape and duration of the luminous impulse produced, 
a simple capacitor is not used but, instead, a line formed of “inductance- 
capacitance” cells connected in a ladder, whose impedance is matched to that 
of the discharge circuit. An example of a possible assembly [20] is given in 
Figure X.2. 
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Figure X.2. Diagram of an electronic flash system. 
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Using a storage line with a capacity of a few microfarads it is possible, 
with a voltage of 10-20 kV, to store something of the order of 1 kJ of 
electrical energy. For a discharge circuit with matched impedance Z = 
./ L/C, an intensity is obtained in the flash tube which has a form close to a 
pulse with duration 7 = 2,/L/C. Since the impedance of the tubes is several 
ohms, this fixes the value of the equivalent self-induction of the line to a few 
tens of microhenries and the duration of the discharge to a few tens of micro- 
seconds. Since the efficiency of the luminous conversion of the tube is of the 
order of 30%, one can therefore obtain a flash which is amply sufficient for a 
high-speed shot when the source tube is a few tens of centimeters from the 
observed experimental assembly. 


1.2. High-Speed Cinematography and Photography 


These techniques essentially correspond to the needs of global visualization 
of the detonation phenomena and of tracking the position and shape of 
material surfaces and wave surfaces. 

The use of photography in detonics is characterized by the necessity of 
obtaining very short exposure times. In fact, the displacement velocities com- 
monly encountered are of the order of several millimeters per microsecond. 
Since the size of the objects studied is usually about ten centimeters, the 
importance can be seen of the kinetic blur on the image if the exposure times 
used are not definitely less than a microsecond. Furthermore, since the total 
duration of the phenomena under study is most often of the order of several 
microseconds, the framing rate in cinematography must exceed one million 
images per second. Such performance is well outside the capacity of con- 
ventional cameras and photographic equipment, and has thus forced the 
development of specific materials. 


(a) High-Speed Shutters 


In order to succeed in taking shots of a detonation phenomenon, the first 
thought was to fit a conventional photographic chamber with a high-speed 
shutter. Since the performance of mechanical shutters was limited to a few 
tenths of a millisecond, in order to gain the thousandfold increase in expo- 
sure time, it was necessary to conceive new shutter systems by looking to 
different principles. However, it must be said that these shutter techniques are 
now of little more than historic interest, since cinematography has widely 
supplanted photography. We only mention them here because of the impor- 
tant role that they played in their time. 

One of the first families of shutters used the Kerr effect: the birefringence 
of certain substances (nitrobenzene, in particular) subjected to an electric 
field involves a path difference between the component of polarized light 
which is parallel to the electric field and the component which is perpendicu- 
lar. If the incident beam is polarized at 45° relative to the electric field, for a 
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characteristic length covered in the electric field, then an output beam is 
obtained whose plane of polarization has been rotated by 90°. If an output 
polarizer (crossed) is placed at 90° relative to the input polarizer, then a 
shutter is obtained, since it only allows light to pass in the presence of an 
electric field. With this principle it is quite simple to obtain shutters with 
exposure times of the order of 10 ns. 

Another way to obtain a high-speed shutter system consists of transform- 
ing the optical image into an electronic image by using an image converter 
tube, the commutation of the image being ensured by the fast electronics 
associated with the tube. The simplest tube which has been employed for this 
effect is the “bi-planar diode tube with uniform electric field” or “tube for 
proximity focusing” [13]. This tube has two flat parallel electrodes: a photo- 
cathode (usually of cesium) serving as entry converter (photon — electron) 
and an electroluminescent anode as exit converter (electron —> photon). 

The electrons emitted by the cathode are accelerated directly by the uni- 
form electric field created between the two electrodes, without a deflection 
device. The shutter function is ensured by the simple commutation of the 
high voltage on the two electrodes, thus allowing exposure times of the order 
of one nanosecond, or even less, to be attained. The definition of the tube 
improves as the distance between the electrodes decreases and the voltage 
rises, and is therefore limited by the risk of breakdown. The luminous gain is 
proportional to the applied voltage, but generally remains low because of the 
limited aperture of the optics for returning the anodic image. 

Other and more sophisticated tubes have been made by using electron 
multiplying stages and systems for moving the image by optical fibers and 
electron optics, but they can no longer be considered as simple shutters, and 
we will describe them in the chapter devoted to electronic cameras. 

Furthermore, we will see that high-speed cameras with a rotating mirror 
risk recording superimposed images if the autoluminosity of the phenome- 
non studied lasts too long. It is then necessary to be able to shutter the field 
of view of the camera after the useful recording. The devices used for this 
effect can be compared to high-speed shutters which operate only on closing. 
Since the time available for their functioning is of the order of several micro- 
seconds, simple pyrotechnic artifices are commonly used for them, which are 
set out in the firing area and activated with a delay calculated to match the 
firing of the experimental assembly. Different methods are possible: opaci- 
fying a slab of glass on the optical path by shock waves created by two 
detonators placed on two opposite sides, or by destroying a mirror for re- 
turning the image by using a detonator placed behind the mirror, or by 
creating a smokescreen before the viewing window with two detonating fuses. 


(b) Electronic Cameras 


We have seen, when looking at the image converter tube, that it is possible to 
utilize the conversion of an optical image into an electronic image to provide 
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Figure X.3. Diagram showing the principle of a high-speed electronic camera. 


tron tubes (electron optics, amplification of brilliance, etc.) to produce a true 
high-speed electron camera which can record several images at rates higher 
than one million per second. Figure X.3 shows the principle of such a camera. 

The camera tube is essentially composed of a photocathode, a shuttering 
grid, an electrostatic optic, and an electroluminescent anode (fluorescent 
screen). The photocathode is held at a constant high negative potential (some 
tens of kilovolts) with respect to the fluorescent screen, which is earthed. The 
strong acceleration thus communicated to the electrons allows amplification 
of the brilliance between the image entering the tube and the image leaving 
(of the order of several tens of times). The grid placed in front of the pho- 
tocathode provides the shuttering function of the camera. Linked to a gener- 
ator of square waves of very short duration, it ensures the very brief exposure 
times (from one microsecond down to a few nanoseconds) which are neces- 
sary for high-speed shots and thus the sequencing of the images in time (with 
rates reaching several tens of millions of images per second). The focusing 
electrodes, which are held at a fixed potential, form the electronic image of 
the photocathode on the fluorescent screen with the chosen magnification. 
Deflection plates, struck by voltage pulses synchronized to the opening in- 
stants of the shuttering grid, allow the images taken at different instants to 
be positioned in different places on the fluorescent screen. These juxtaposed 
images are thus recorded on the same film. It should be noted that, unlike 
television cameras, the image is not formed by line scanning, but deflected in 
its entirety. 

Since the increase in the number of images acts to the detriment of their 
size, this type of camera generally leads to a small number of frames per 
recording. 

The transfer of images between the entry screen and the photocathode, 
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and then between the fluorescent screen and the plane of the film, is ensured 
by bundles of optical fibers. This device avoids the loss in luminosity of an 
optic returning the image from the fluorescent screen, and allows us to benefit 
from all the photonic gain of the tube at the level of the photographic plate. 
It should be noted that this gain can, if necessary, be very noticeably in- 
creased by such devices as amplifying the brilliance (second stage accelerator 
added to the tube) or a bundle of microchannels which, when placed in front 
of the fluorescent screen, multiply the electrons by secondary emission 
without harm to the resolution, thanks to the very small dimensions of the 
channels (about ten microns). Furthermore, the nature of the photocathode 
can be modified to optimize the quantum yield of the photon—electron con- 
version as a function of the wavelengths used. 

Synchronization of these cameras with the phenomenon studied is very 
easy thanks to the incorporated electronic delay generators, which activate 
the shuttering with a delay preregulated to accord with an impulse from the 
firing. 

The performance of the electronic cameras conceived in this way is of 
great interest in regard to exposure times and shooting speed, as well as 
luminous gain. However, despite the quality of the tubes and of the elec- 
tronics, their definition remains somewhat limited, particularly because of the 
small size of the images obtained (at best some tens of pairs of lines per 
millimeter for an image of some 10 mm in diameter). The small number 
of available images, as well as the loss of chromatic information, are both 
serious handicaps in the use of these cameras. 


(c) Rotating Mirror Cameras 


In fact, the defects inherent in high-speed electron cameras—mono- 
chromatism, poor resolution, and above all the small number of images— 
have greatly limited their use in detonics, especially since mechano-optic 
cameras of high quality were soon developed which are perfectly adapted to 
the performances required for these experiments [5], [21]. 

In such a camera, a primary lens forms an image of the object studied in a 
plane passing through the axis of rotation of a plane mirror. The reflected 
image is not affected by any translation when the mirror rotates—but the 
bundle of rays which has formed the image and which is reflected by the 
mirror suffers a rotation double that of the mirror. A crown of lenses placed 
around the mirror serves to recapture the reflected image, for its different 
angular positions, and to reform it on a photographic film. The principle of 
such a device is shown in Figure X.4. 

The rotation of the mirror, in projecting the reflected bundle in each lens 
in turn, ensures the separation of the images, both on the film and in time. 
The framing speed is fixed by the angular separation of the lenses and the 
speed of rotation of the mirror, while the exposure time is defined as the time 
during which the bundle penetrates into each lens. During the time of expo- 
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Figure X.4. Skeleton diagram of a high-speed camera with rotating mirror. 


sure the image does not suffer any translation on the film, but a small rota- 
tion about an axis in its plane, without affecting the definition, thanks to the 
depth of field of the lenses. 

The exposure time is generally limited by a system of diaphragms built 
in the following way (see also Fig. X.4): the primary lens of the camera is 
provided with a diaphragm in the form of a lozenge or rectangle, the image 
of which is formed, by reflection on the rotating mirror, on a crown of dia- 
phragms which are also lozenge-shaped, arranged opposite the secondary 
return lenses. The scanning of a fixed secondary diaphragm by the moving 
image of the primary diaphragm constitutes a type of curtain shutter whose 
opening as a function of time produces a sufficiently sharp maximum. The 
quality factor of such a camera is generally defined as the ratio of the time 
separating two successive images to the exposure time. In order to maintain 
a sufficient camera aperture, this quality factor cannot really exceed 3 in 
practice. 

The number of secondary lenses, and thus of images, is typically of the 
order of thirty disposed over about a quarter of a circle (certain cameras, 
called total activity cameras, have more lenses which are disposed on an 
almost complete circle and are scanned by a prismatic mirror with three 
reflecting faces). To attain the rate of a million images per second (one image 
per microsecond) it is thus necessary to obtain a rotational speed of the 
mirror of the order of 5000 r/s. Such rotational speeds demand air turbines 
(or helium turbines for very high speeds). The mirror is usually placed in a 
cavity which has been pumped to primary vacuum in order to avoid air 
turbulence and to reduce resistance. It is suspended on gas bearings (usually 
propelling gas) or possibly on oil bearings. 
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Figure X.5. CIAS camera from the Central Weapons Laboratory. 
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The size of the mirror is limited by the risk of shattering due to centrifugal 
force. In certain constructions, beryllium mirrors are used to increase resis- 
tance to shattering. 

The speed of rotation and the instantaneous position of the mirror are 
generally known thanks to a simple optical device consisting of a lamp, 
whose luminous beam is reflected by the rotating mirror, and a photodiode 
detector, placed at the level of the crown of lenses. This system delivers a 
“top” which corresponds to the instant of passage of the mirror through a 
given angular position. An associated frequency meter allows measurements 
of the rotation speeds which the experimenter can regulate by altering the gas 
pressure in the turbine. Once the chosen speed is reached, the mechanical 
shutter of the camera opens. The firing of the experimental device, and possi- 
bly of the explosive flash, is thus controlled with a predetermined delay re- 
lated to a “top” of the passage of the mirror, which allows synchronization of 
the phenomenon studied and the shooting. 

The superimposition of images during successive passages of the mirror 
is prevented beforehand by the absence of luminosity of the device, and 
after the phenomenon by a pyrotechnic shutter system (see above). The 
photograph in Figure X.5 shows a French-designed high-speed camera with 
rotating mirror. 


(d) Particular Recording Techniques (Stereoscopy, Strioscopy) 


The high-speed cameras described above are generally used to take classic 
shots of the phenomena studied. However, these same cameras may be asso- 
ciated with particular recording techniques which allow access to other 
parameters such as the relief of the object observed and the positions of 
shock waves in gases, which are not detectable by conventional observation. 

The stereoscopic technique, well known in photography, allows restitu- 
tion, either qualitative or quantitative (photogrammetry), of relief by record- 
ing two frames of the same object taken from different angles. In the particu- 
lar case of high-speed phenomena, the two frames must be made in perfect 
synchronization, which in practice means that they must be recorded with 
the same camera. For this, a system of return mirrors is used, placed in 
proximity to the object studied and thus destroyed during the experiment, 
following the principle shown in Figure X.6. To ensure the equality of the 
optical paths, the two mirrors (M, and M..) returning the two images corre- 
sponding to the two shooting angles are disposed tangentially to an ellipse, 
which has as foci the object studied Q and the entry lens of the camera 
co. In practice, this optical diagram is complicated by the need to protect the 
camera against the destructive effects of the experiment, which means that 
supplementary return mirrors have to be used. 

Strioscopy (schlieren technique) is a recording method in which transmis- 
sion is used through transparent objects (particularly gases). It allows visual- 
ization of the refractive index variation zones which are linked to the shock 
waves. Figure X.7 shows the principle. If one observes the image of a trans- 
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Figure X.6. Optical diagram of stereoscopic observation using a high-speed camera. 


ee ee, 


parent medium obtained by transmission from a point source of light, the 
lighting of this image remains uniform so long as the refractive index of 
the medium remains constant. But if one region of the medium has a refrac- 
tive index different from that in the rest of the medium having uniform index, 
then this region will deflect the light rays crossing it and thus modify the 
illumination of the corresponding image. Such a region is said to be a stria- 
tion. The shadow projected by this region thus receives stronger illumination 
on one side than on the other, and the position of the zone of different 
refractive index can be clearly revealed by a photographic method. A shock 
wave in a gas forms a striation, since the density of the gas and thus its 
refractive index is higher in the shock wave than in the rest of the gas. Thus 
the strioscopic method, linked with a high-speed cinematography technique, 
allows us to track shock waves in a gas with time. 
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Figure X.7. Principle of strioscopy. 
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Figure X.8. Strioscopy. Diagram of Doppler—Foucault device. 


The device in Figure X.7 is simple, but not highly sensitive. This is why 
the device in Figure X.8, called the Doppler—Foucault device, is generally 
preferred. 

A point source (He—Ne or other laser) is diaphragmed in one direction by 
a knife L,, whose image is formed by a lens O, in the plane of a second knife 
L,, and forms with it a virtual slit of width e. The camera placed behind 
captures an image of the phenomenon with a striation, using lens O,. In the 
absence of a striation, all the rays entering the lens O, pass through the 
virtual slit. But if, at a point A, the light rays are diverted upwards by an 
angle a, then the width of the virtual slit will be increased by Ae = ad, d being 
the distance between the phenomenon studied and the knife L,. The illumi- 
nation of the image point A’ of A is thus increased. Conversely, if the devia- 
tion « 1s made downward, then the illumination of the image of A is reduced. 
The image of the striation A thus appears as a variation in illumination, 
whose direction depends upon the direction of the deviation in A. The sen- 
sitivity of the method is given by Ae/e = ad/e and is therefore limited by 
diffraction. 


1.3. Slit Scanning Cameras 


The high-speed cameras—called “integral image” cameras—that we have 
been describing are mainly reserved, in detonics experimentation, for use in 
qualitative global observation of the evolution of the phenomena. In fact, 
the measurements which can be made on the images obtained in this way are 
generally of low precision, partly because of the difficulty of their chrono- 
metric retiming, and partly because of optical errors encountered (dis- 
tortions, errors due to parallax, luminous parasites due to shock induced 
1onization of air, etc.). However, by the use of very similar techniques, so- 
called “slit scanning” or “streak” cameras have been devised which are 
measuring instruments of high precision. 

These cameras form an image of a line of the object studied, limited with 
the aid of an observation slit, and then scan this linear image at a constant 
velocity, following a direction perpendicular to it. The final image obtained is 
in two dimensions: the direction of the slit corresponds to spatial information 
(displacements of the object following this direction), while the perpendicular 
direction, which is the scanning direction, contains temporal information. 
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The standard of time is determined by the scanning speed of the slit across 
the image. 

This type of camera can be used as a simple chronograph recording the 
succession of luminous events appearing on the line of the object viewed. The 
time interval (At) separating two events is then given by the measurement 
of the distance (A/) separating the corresponding traces on the recording 
following the scanning direction: At = A¢/v where v is the speed of scanning 
of the slit across the image. The resolution in time is limited by the geometric 
resolution of several microns over the recording sensitive surface (grain of 
film, optical resolution, etc.). To obtain the resolutions needed in detonics 
(about one nanosecond) it is therefore necessary to attain very high speeds for 
the scanning of the image, of the order of several millimeters per micro- 
second. These speeds are of the same order of magnitude as image displace- 
ment speeds necessary for sequencing the frames for high-speed cinematogra- 
phy. This explains why the same techniques are used for making slit scanning 
cameras as for high-speed cameras with integral images: use of a rotating 
mirror or deflection of an electronic image. 

The slit scanning camera can also be used to measure displacement speeds 
over the object studied. If a point of the object is displaced with velocity 
V in the direction of the observation slit, its image on the recording will be 
displaced on a line making an angle « with the scanning direction and we 
have: V = vtana/g where g is the image/object magnification and v is the 
scanning speed on the recording. Measurement of the angle a, knowing the 
magnification and the scanning speed, allows us to find the displacement 
velocity V. 

Recording with the aid of a slit scanning camera can be made directly 
when the phenomenon studied is autoluminous, by the appearance and dis- 
placement of luminous zones along the slit. We will see that in the opposite 
case certain optical devices have been developed to record signals and, in 
some cases, to obtain parameters which are not directly measurable. Lastly, 
the slit scanning camera has also found an application in velocimetry by 
Doppler laser interferometry which will be described later. 


(a) Mechanical Cameras 


In this type of camera, the image of the slit on the film is scanned by the 
rapid motion of a rotating mirror of identical design to those used for high- 
speed cameras with integral images (see §1.2). Figure X.9 shows the optical 
diagram which is most commonly used. 

An entry lens forms an image of the object under investigation on the 
plane of an observation slit. An image of this slit is formed on the film, by a 
secondary lens, after reflection from the rotating mirror. The photographic 
film is plated on a circular crown centered on the axis of rotation of the 
mirror. If ¢ is the diameter of this crown and Q. is the velocity of angular 
rotation of the mirror, the scanning velocity v will be given by v = ¢Q. Fora 
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Figure X.9. Optical diagram of a slit scanning camera with rotating mirror. 


radius of the order of 1 m and a mirror rotation velocity of 3000 revs/s, the 
scanning velocity will be about 35 mm/s. Such scanning velocities allow us 
to attain time resolutions close to 1 ns. However, to obtain these high resolu- 
tions—as well as good spatial resolutions—many precautions must be taken 
in the construction of these cameras, particularly with regard to the quality 
of the optics, the flatness of the mirror (subject, as it rotates, to the action of 
centrifugal force), the positioning, and the plating of the film. 

To improve the latter, a variant to the optical diagram shown above (Fig. 
X.9) has been proposed by Brixner [5] . This arrangement, shown in Figure 
X.10, allows the use of flat rigid photographic plates. The first lens always 
forms the image of the object on the slit, while the second lens forms an image 
of the slit at infinity. After reflection from the rotating mirror, the beam of 
parallel rays thus obtained is returned by a third lens which reforms the 
image of the slit on a photographic plate placed in its focal plane. During 
the rotation of the mirror the image of the slit will thus always remain in the 
plane of the rigid plate. This type of camera suffers from a limited recording 
time. Furthermore, the scanning velocity over the film is not uniform and 
thus needs correction after analysis. 


Photo plate 


Rotating 
mirror 


Figure X.10. Optical diagram of a Brixner-type slit scanning camera. 
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For all such rotating mirror cameras, the speed of rotation, which con- 
stitutes the standard of time, is measured very precisely by a device similar 
to that used for cameras with integral images (see §1.2(c)). Synchronization is 
also ensured in the same manner; the camera triggers activation of the firing 
with a predetermined delay in relation to the passage of the mirror through 
a given angular position. For the spatial standardization of the recording, a 
static frame (with mirror at rest) is usually first taken of the object, together 
with a test card, on the same film, with sufficient opening of the observation 
slit, using a mechanical shutter for the necessary exposure time. | 

Figure X.11 shows a photograph of a slit scanning camera with rotating 


Figure X.11. CFAT camera from Laboratoire Central de l’Armement, France. 
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mirror, made by Laboratoire Central de ’Armement, France. It should be 
noted that some manufacturers offer convertible cameras which, with the 
same rotating mirror, can function with integral images or by slit scanning 
(when the crown of secondary lenses is withdrawn), or dual use cameras 
where one part of the rotating mirror is used for integral images and the 
remainder for slit scanning. 


(b) Electronic Cameras 


Electronic slit scanning cameras use the same tubes as the integral image 
cameras described in §1.2(a), with the same camera often providing both 
functions. A special electronic device applies a voltage pulse to the shutter 
grid, thus triggering the opening of the camera. For the duration of this pulse, 
two symmetric saw-toothed signals strike a pair of deflection plates, thus 
ensuring a linear scanning of the image along a direction perpendicular to 
these plates (see Fig. X.12). 

It should be noted that the scanning affects the entirety of the image 
formed on the photocathode. To achieve the slit scanning function, lenses are 
used to form an image of the object studied on an observation slit, and then 
to return an image of this slit to the photocathode, setting it perpendicular to 
the direction of scan. The film then records the image of the scanning of this 
slit over time. 

It can be seen that very high scanning velocities can be obtained with 
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Figure X.12. Functioning of an electronic camera in scanning mode. 
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such a system, with the highest performance cameras of this type reaching 
scanning velocities of the order of 100 mm/ns and thus allowing temporal 
resolutions close to 1 ps. However, the length of recording is usually only 
about 50 mm, and the total time of measurement at such velocities is only 
half a nanosecond. For detonic applications scanning velocities ranging from 
several millimeters per microsecond to some tens of millimeters per micro- 
second are generally used, and correspond to total measuring times ranging 
from about ten microseconds down to several hundred nanoseconds. The 
corresponding temporal resolutions thus vary from several nanoseconds to 
about one hundred picoseconds. 

However, we have to note that the precision of chronometric measure- 
ment is not necessarily as good as the temporal resolution inasmuch as for 
these cameras, unlike rotating mirror cameras, the scan linearity is not per- 
fect. To improve this precision, marking systems may be used by recording 
the image of a photoemission diode energized by an oscillating circuit on one 
side of the frame during scanning. This system allows improvements to be 
made in the scan linearity in order to bring the precision nearer the temporal 
resolution. 

Synchronization is ensured in the same way as in the “integral image” 
mode (see §1.2(b)). The electronic scanning device usually delivers two im- 
pulses which correspond, respectively, to the beginning and the end of the 
scan, which can be recorded on a chronometer to allow retiming to match 
other measurements. 

The principal advantages of electronic cameras compared to mechanical 
cameras when using slit scanning are: 


e a higher luminous gain which allows working with very fine slits; 

e the possibility of attaining very high temporal resolutions; and 

e the facility of synchronization between the phenomenon studied and other 
means of measurement. 


However, we must also note that, because of the small size of the frames 
and the distortions of the electronic optics, the spatial resolution obtained is 
usually not as good for electronic cameras as it is for mechanical cameras. 
This explains why these two types of camera continue to coexist, the choice 
falling on one or the other according to the qualities required for a given 
measurement. 


(c) Associated Special Optical Devices 


With the increasing use of slit scanning cameras, researchers have used them 
to develop special optical devices which can either palliate the absence 
(or insufficiency) of autoluminosity in the phenomenon studied, or obtain 
parameters which are not measurable by simple direct observation. The fer- 
tile imagination of detonation workers throughout the world has given us 
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many innovations in this field. We will content ourselves here with describing 
only those devices whose use is, to our knowledge, most general. 

The argon chamber method uses the light emission from the ionization 
of gases under shock to detect the emergence of a shock wave on a free 
surface. As with explosive flashes (see §1.1(a)), argon is generally chosen be- 
cause of its easy ionization under shock. The argon chamber is formed by a 
very thin facing (a few hundredths of a millimeter) hollowed in a flat surface 
of a block of transparent plexiglass. This surface is applied to the equally flat 
surface where the emergence of a shock is to be determined (the flatness of 
these two surfaces is particularly crucial). Shortly before the experiment the 
chamber is filled with argon, usually by continuous sweeping through two 
orifices. The slit scanning camera views a line of this chamber through the 
transparent plexiglass. 

The shock wave emerging from the free surface is transmitted into the 
argon and triggers the illumination of the chamber. When this shock reaches 
the opposite wall of the chamber, it is transmitted to the plexiglass block and 
makes it opaque, thus blocking the glow of the chamber. The image thus 
obtained on the recording of the slit camera appears in the form of a luminous 
line perpendicular to the direction of scan (for a plane frontal shock). By 
using several argon chambers, placed at different levels, which are aligned 
along the same slit, the shock velocity can be measured. Figure X.13 shows 
the principle of such measurement. 

This type of chronometric measurement is scarcely used nowadays be- 
cause of its limited precision. In fact, the appearance of luminosity in the 
argon suffers a delay which is not always highly reproducible in relation to 
the outlet of the shock onto the free surface. However, the advantage of the 
argon chamber technique is that it allows measurement of the flatness of a 
shock in a continuous manner in one direction, when a large size chamber is 
used. In fact, the appearance of luminosity in one point of the slit corre- 
sponds to the outlet of the shock at that point. The distances between the 
recorded luminous trace and a straight line perpendicular to the direction of 
scan thus give the errors in synchronization in the emergence of the shock at 
different points, and allow calculation of the errors in the flatness of the shock 
wave (provided the velocity is known) following this direction. 

The reflecting or luminous deposit method is similar to the argon chamber 
method: to determine the emergence of shock on a free surface, a fine layer of 
a substance whose luminous properties vary under shock is deposited on the 
surface, so that the slit scanning camera can record these variations in lumi- 
nosity as a function of time, following a line. 

Two types of deposit can be distinguished: substances which are lumine- 
scent under shock, and reflecting substances. The first, as with argon cham- 
bers, generates an intense light when they are submitted to a shock. In this 
category we find explosive paints (with pentrite—penta-erythritol tetranitrate) 
and coatings of Al, (SiF,),, which have the advantage of functioning at a level 
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Figure X.13. Simplified diagram for measuring shock velocities using argon chambers. 


which allows discrimination between strong and weak shocks. However, 
those in the second class are not autoluminescent and need an additional 
light source which is usually an electronic or explosive flash: the intensity of 
the reflected light declines sharply because of the degradation of the reflec- 
tivity under shock and the possible rotation of the free edge itself. The re- 
flecting substances employed appear either in the form of a very fine metalli- 
zation of the surface (by evaporation under vacuum or cathodic evaporation) 
or of a metallic paint (with silver), or of a self-adhesive band of microspheres 
(Scotch-Lite). The first two techniques are those most often used today be- 
cause of the fineness of the deposit that can be obtained, thus limiting delays 
in their functioning. 

Plate X.1 shows an example combining the use of reflecting deposit with 
autoluminescence for the study of the generation of detonation by the 
“double wedge” method. 

The reflected wire method allows continuous measurement of the velocity 
of a free surface observed from the front, using a slit camera. A wire (see 
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Figure X.14. Principle of the method for measuring the velocity of a surface by re- 
flected wires. 


Fig. X.14)—or a series of parallel wires—is held parallel to the free surface 
studied, which is rendered reflective by polishing or possibly by metallization. 
This wire is illuminated with the help of an electronic or explosive flash. The 
slit scanning camera, whose slit is adjusted perpendicular to the wire sees, at 
an angle B, the virtual image of this wire in the mirror formed by the free 
surface. When a frontal shock sets the free surface in motion, the virtual 
image of the stationary wire is displaced by double the distance in the same 
direction. The trace of this image on the recording of the slit camera will 
thus follow an oblique line whose angle « relative to the scanning direction 
is directly related to the instantaneous velocity of the surface by V = 
v tan «/2g sin B, v being the scanning speed, and g the magnification. The 
measurement of the angle « which the track makes at each point with the 
direction of scanning allows the changes in velocity of the free surface to be 
followed continuously as a function of time. 
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Plate X.1. Application of a slit scanning camera used with reflecting deposit for 
the study of shock-detonation transition by the double wedge method. 


The wedge method or “wedge test” has been used for a long time in detonics to 
study the transition from shock to detonation in a solid explosive. A planar 
one-dimensional shock is induced by an explosion-driven flying plate (see, 
§4.1(b))in a target of solid explosive in the form of a wedge or, as here, of a 
double wedge (see §IX.1). The external surface of the explosive prism is coated 
with a reflecting deposit (metallization or metallic paint) and lit by two flashes. 
A slit scanning camera records the light reflected by the surface following a line 
perpendicular to the edge of the prism. The emergence of the shock at a point 
of the surface is shown by a sharp reduction of the light reflected at this point, 
because of the rotation of this surface. The recording thus shows a symmetric 
reduction of the luminous zone as the shock progresses. Each point of the inter- 
face between the light zone and dark zone shows the time of emergence of shock 
at a given depth of explosive. The displacement of shock within an explosive 
can thus be followed over time. 

If an induced shock is sufficiently intense, three zones can be distinguished 
in the recording: zone 1 corresponds to a regime of weakly reactive shock 
whose velocity increases slowly, zone 2 1s a transition zone marked by a very 
high acceleration in the velocity of the shock, and zone 3 which corresponds to 
propagation of built-up detonation at almost constant velocity. This last zone 
is marked not by a loss of luminosity but by an increase due to ionization of the 
air near the surface. 

Precise analysis of this recording allows us: 


to determine the velocity of the nonreactive shock (in zone 1) and thus to 
determine a point of the inert shock polar of the explosive (knowing the 
velocity of the flying plate); and 

to measure the build-up distance for the corresponding shock pressure. 


By varying the thickness of the flying plate and thus the impact velocity, 
a law can be established relating the pressure p of the shock induced in the 
explosive to the build-up distance X*. 


One drawback of this method is that the measurement of velocity is made 
at a point of the surface which moves with time, and that flatness of the 
incident shock is assumed. It may also be noted that the intersection between 
the trace parallel to the scanning direction (corresponding to the static phase) 
and the oblique trace (corresponding to the dynamic phase of the surface) 
allows precise determination of the chronometry of emergence of the shock 
at the point of reflection. 

This ingenious measurement technique has, however, lost most of its 
interest due to the advent of interferometric methods of measuring velocity 
which are much more precise (§1.4). 

The use of optical fibers, thanks to their great flexibility, sets us free from 
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the constraints set by a rectilinear observation slit, and thus allows us to vary 
the arrangement of the points of the surface seen by the slit scanning camera. 
The fibers can also serve as a good means of transporting the signal—with a 
large band-width, small space requirement, and high flexibility of the path— 
between the experimental assembly in the firing area and the recording shed. 
The end of a fiber can constitute a chronometric probe for the detection of 
the passage of a shock. Two modes of using optical fibers with a slit scanning 
camera can be distinguished. 

In the first mode the fibers constitute a type of anamorphic optic device, 
placed in front of the camera so that a curvilinear image of given shape 
(circle, cross, etc.) can be transformed into a rectilinear image that can be 
used in front of the camera slit. This device allows us to follow the evolution 
of phenomena with time, not just following a straight line seen on the object, 
but following any line chosen a priori. For this, a first lens forms an image of 
the object on a plane in which the ends of the fibers are arranged side by side 
according to the chosen figure. The layer of fibers is shaped to lead onto a 
line placed in front of the camera slit. 

In the second mode of use, the optical fibers act as a chronometric probe 
to detect the shock in the experimental assembly and also to ensure the 
transport of the signal and the rectilinear arrangement in front of the obser- 
vation slit of the camera. The optical fiber as a chronometric probe 1s in 
general designed as indicated in Figure X.15. The end of the fiber 1s guided 
by a rigid metal tube which allows a better mechanical positioning of the 
probe with respect to the shocked surface. A thin metal hood (of the order of 
several hundredths of a millimeter) caps a chamber filled with air in front of 
the end of the fiber. The probe is arranged perpendicularly to the surface 
where the passage of shock is to be detected. This emergent shock 1s trans- 
mitted in the hood and then exits to the chamber where it ionizes the air, 
which becomes luminous. The optical fiber transmits this luminous signal up 
to the camera slit which records it, following a line parallel to the scanning 
direction, marked beforehand. Examination of this signal gives the instant of 
the passage of the shock at the point of application of the probe. The small 
space required by this device allows multiplication of the measurement loci 
in the experimental assembly (up to several tens), with all the fibers being 
returned to one and the same slit. Since the achieved measurement is 
uniquely chronometric, it benefits from the very good resolution with time of 
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Figure X.15. Simplified diagram of chronometric probe with optical fiber. 
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Two interferometric techniques possessing the required resolution have been 
developed: one using a Michelson interferometer and the other a Fabry— 
Pérot interferometer. 


(b) Michelson Interferometer. VISAR System 


The Michelson interferometer is a dual wave interferometer which is shown 
diagrammatically in Figure X.16. The incident beam is divided in two by a 
semitransparent strip L. The two beams thus obtained are returned by two 
mirrors M, and M, onto this same strip, which reunites them. As the two 
mirrors are placed at different distances (d, and d,) from the semitransparent 
plate, a path difference 2(d, — d,) = 2e is made between the two resulting 
beams. In the same way, all the rays entering the interferometer at the same 
incidence i leave as rays which are all parallel to each other and have the 
same path difference 2e cosi. A coherent point source thus produces an inter- 
ference figure at infinity. The interposition of a lens allows this figure to 
be formed in its focal plane. The interference fringes appear in the form of 
a succession of rings of equal incidence whose intensity is given by I = I 
cos*(z6/A), where 6 is the path difference in the interferometer 2ecosi and / 
is the wavelength of the laser source. The first laser interferometry systems 
developed around a Michelson interferometer used the moving surface 
studied as one of the interferometer mirrors. Figure X.17 shows the measur- 
ing device thus constructed. 

A lens L, focuses the laser beam on the moving surface studied, after 
reflection on the semitransparent plate L which divides this beam equally 
into two. The Michelson interferometer consists of a fixed mirror and the 
moving surface. There a laser beam of wavelength A, (reflected by the fixed 
mirror) interferes with a beam of wavelength 1, + dA which has undergone 
the Doppler effect (reflected by the moving surface). The interference figure is 
formed by a lens L, in its focal plane. A photomultiplier placed in this plane 
allows the change in intensity at a point to be followed. This intensity I = Ip 


Figure X.16. Michelson interferometer and its equivalent figure. 
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electronic cameras. However, the final precision is limited by the reproduc- 
ibility of the delay caused by crossing the hood of the probe and the delay in 
ionizing the air in the chamber. In addition, these probes function only when 
the shocks are intense enough to ionize the air. 


1.4. Velocimetry by Doppler Laser Interferometry 
(a) General Remarks on the Doppler Effect 


The frequency of an electromagnetic wave reflected by a moving surface 
suffers, by the Doppler effect, a variation directly related to the velocity of 
displacement of this mirror. Researchers in detonics were quick to utilize this 
effect for continuous measurement of the changes in velocities of free surfaces 
and of wave surfaces. The first systems to be developed for this purpose used 
hyperfrequency transmitters (millimeter waves), which were the only coherent 
sources practically available at that time. 

These waves have the advantage of being able to penetrate matter, so 
they can be reflected on the strongly ionized surface constituted by a detona- 
tion or shock wave front, thus permitting continuous measurement of the 
wave velocity. However, the time resolution of this method is limited, since 
the distance of flight needed to measure the velocity is of the same order of 
magnitude as the wavelength. In practice, millimeter waves allow measure- 
ment in only the established regime. Furthermore, because of diffraction, the 
diameter of the focusing spot that can be obtained is roughly limited to 
several wavelengths, which is equivalent to a minimum focusing spot of 
the order of one centimeter for millimeter waves. Thus the velocity measure- 
ment is not to be regarded as punctual but as integrated over the reflection 
domain. 

The development of lasers has provided researchers with coherent sources 
which do not present such problems, so these hyperfrequency velocimetry 
systems have been steadily abandoned in favor of laser interferometry 
systems. 

In these techniques, a laser beam is projected perpendicular to the moving 
surface, at the point where one wishes to measure the velocity. The Doppler 
effect varies the wavelength of the reflected light. As a first approximation 

Ai_ oY 

Ao C 
where A, is the wavelength of the laser, V is the velocity of the free surface, 
c is the velocity of light, and AA is the variation in wavelength due to the 
Doppler effect. As the velocities encountered in detonics are around one 
kilometer per second (one millimeter per microsecond), the relative variation 
in wavelength due to the Doppler effect is of the order of 6.7 x 107°. In order 
to measure this variation in wavelength, and thus obtain the velocity of the 
free surface, we need equipment whose resolution is better than 150,000. 
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Figure X.17. Diagram showing the principle of a displacement interferometer. 


cos*(z6/A) varies with time because of two effects: the changes in wavelength 
A due to the Doppler effect, and the variations in the path difference 6 due to 
the displacement of the Michelson mirror formed by the surface. In fact, in 
detonic applications the first term is negligible compared to the second. The 
displacement of the surface is written as 4A, F(t), as a function of the number 
of interference fringes F(t) which have passed in front of the photomultiplier 
at instant t. We thus have a device which allows tracking of the displacement 
of a moving surface. Note that, strictly speaking, it is not a Doppler effect 
velocimeter but a displacement interferometer, the velocity being obtained 
only indirectly. 

The equipment thus conceived has a very high sensitivity since it records 
the transit of a fringe for a displacement equal to one half of a wavelength, 
and analysis of the sinusoidal signal measuring the amplitude allows resolu- 
tion of about + 1/10 of the fringe. But, conversely, there is the problem of the 
fringe-scanning frequency for high displacement velocities encountered in 
detonics: for a He—Ne laser of wavelength 632.8 nm this frequency is 
3.16 GHz per mm/s. The recording systems (photomultiplier, amplifiers, 
oscilloscopes) do not really allow precise counting of the passage above 
1 GHz and thus limit the application of the device to velocities lower 
than 1 mm/ys, which is usually inadequate. 

To reduce this problem of the fringe-scanning frequency, researchers then 
tried entering only the beam reflected on the moving surface into the Michel- 
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Figure X.18. Principle of velocimetry with a Michelson interferometer. 


son. The only variations in intensity (I = I) cos*(z6/A)) recorded on the inter- 
ference figure are those due to variations in wavelength caused by the 
Doppler effect. As long as the velocity of movement remains constant, the 
wavelength 4 does not change and the interference figure remains stationary. 
Thus the device reacts only to surface accelerations. It is in fact an accelero- 
meter. The velocity is obtained by summing the fringes. Figure X.18 is a 
diagram showing the principle of the device used. 

The velocity V of the moving surface is related to the number of fringes 
F(t) which have passed in front of the photomultiplier by the relation 


dF(t) 26 dV(t) 

dt chy dt 
On integrating this formula, for a surface initially at rest, we obtain V(t) = 
V, F(t) where the velocity V, = cA /26 is called “equipment velocity.” By 
counting the fringes which pass in front of the photomultiplier PM, we can 
determine the velocity of the moving surface as a function of time. Further- 
more, in order to discriminate the variations in intensity linked to the passing 
of the fringes from those due to possible variations in the reflectivity of the 
surface (which are common when velocity is caused by reflection of an intense 
shock), a part of the reflected signal is taken by a plate reflecting to a few 
percent and then recorded by a second photomultiplier PM,. 

Unlike the displacement interferometer, the range of velocities measurable 
by this device is not limited. However, the recordable acceleration is limited 
by the counting speed of the system. This limit depends on the equipment 
velocity V, that can be adjusted by playing on the path difference 6 in the two 
arms of the interferometer. However, in the presence of accelerations as great 
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as those linked to the emergence of an intense surface shock, the transit of the 
fringes is always too fast for the recording system, and some fringes are lost 
in the counting. By choosing a high equipment velocity and thus reducing 6, 
it can usually be contrived for only a small number of fringes to be lost so 
that the ambiguity thus created in the determination of the velocity after 
shock can be removed by a rough estimation of this velocity. However, we 
must note that the increase in the time resolution of the system, obtained by 
reducing the path difference in the interferometer, is paid for by a reduction 
of the precision in measuring the velocity, since the counting resolution is 
limited to about one tenth of a fringe. Usually, the time resolution obtained 
with a Michelson interferometer is at best of the order of one nanosecond, 
with the measuring velocity precision reaching 2—3%. 

The simple device described has, in fact, two serious problems which have 
led most researchers to abandon it in favor of a modified version proposed 
by Barker and Hollenbach [1], [2]: the VISAR system (Velocity Inter- 
ferometer System for Any Reflector). 

The first of these faults is in allowing measurements only on perfectly 
reflecting surfaces to conserve the spatial coherence of the laser beam. In fact, 
the diffusion of the light by a frosted surface deprives it of much of its spatial 
coherence and, in spite of the good focusing of the beam on the surface, 
noticeably reduces the contrast of the interference fringes. To reduce this 
problem, the VISAR system interposes in the longest arm of the Michelson a 
device called a field compensator consisting of a glass bar, or possibly a 
system of afocal lenses. The principle of this device is to ensure that a zero 
path difference will be restored between the two arms of the Michelson. For 
this, the glass bar forms an image of mirror M, at a distance from the semi- 
transparent plate equal to that which separates it from mirror M, (see Fig. 
X.19). The path difference in the Michelson then depends directly on the 


Figure X.19. Device for field compensation by a glass bar. 
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Figure X.20. VISAR interferometry system. 


length of the glass bar of index n: 6 = 2/[n — (1/n)]. It can then be varied if 
necessary by changing the bar. 

The second problem with the velocimeter described here is that it does not 
allow determination of the direction of passage of the interference rings, since 
their transit in front of the photomultiplier is detected only by the variation 
of luminous intensity. Since this transit direction is linked to the sign of the 
acceleration, it will be impossible to say if a surface is accelerated or deceler- 
ated. This ambiguity can make it very difficult to restore the velocity of a 
surface subjected to a rather complex system of waves, such as are often 
found in detonics. The VISAR system can remove this ambiguity by making 
use of polarization of the laser light as shown in Figure X.20. The light 
reflected by the moving target is polarized rectilinearly by the polarizer. In 
the arm of the Michelson corresponding to mirror M,, the light is left with 
this same rectilinear polarization; but in the other arm, because of the double 
transit on a birefringent “one-eighth of a wave” plate L (thus equivalent to a 
4/4 plate), the linear polarization is changed to circular polarization. On 
leaving the interferometer, there is then interference of the two components 
in phase of the linearly polarized light in the first arm, and the two compo- 
nents having a quarter wave phase difference of the circularly polarized light 
in the other arm. The separator (Rochon or Wollaston prism) isolates the two 
systems of rings thus created, and two systems of fringes with a quarter wave 
phase difference can be observed on the two photomultipliers (PM, and 
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Figure X.21. Principle of the Fabry—Pérot interferometer. 


PM). The interest in the system resides in the fact that at each change in sign 
of the acceleration, the signal which was a quarter wave ahead becomes a 
quarter wave behind. Comparison of the signals in the two photomultipliers 
thus allows detection of changes in the sign of the acceleration. 


(c) Fabry—Pérot Interferometer. DLI System 


Unlike the Michelson interferometer, the Fabry—Peérot interferometer is a 
multiple-beam device. Figure X.21 shows the principle. It consists of two 
plates with a high reflection coefficient. Because of the interplay of multiple 
transmissions and reflections, a wave entering the cavity of this interfero- 
meter leaves it divided into a multitude of parallel waves with the same 
incidence. Each wave is phase shifted with respect to the preceding wave 
by ¢ = 4n(e/A) cosi. These waves can interfere at infinity. A lens allows for- 
mation of the interference figure in its focal plane. The resulting intensity is 
given by 

i 

4r | gp 
1+ Gone z 
where r < 1 1s the reflection coefficient of the two plates. Figure X.22 is a 
graph showing intensity as a function of phase. Because of the high value of 


Qn (2n +1) 9 


Figure X.22. Intensity of the interference figure in a Fabry—Pérot. 
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the reflection coefficient r, as distinct from the Michelson, this intensity pre- 
sents, for phase values 2nz (n being integral), rather sharp peaks. 

If the Fabry—Pérot is illuminated with laser light of wavelength 1, at 
different incidences, the interference figure obtained will appear in the form of 
a succession of fine concentric brilliant rings. The maximum intensity of each 
brilliant ring corresponds to incident rays i, such that 


4necosi, = 2nzA. 


If f is the focal length of the lens used to form the interference rings, the 
corresponding ring diameter is 2f tani,. 

The rings thus obtained are finer as the reflection coefficient r of the 
Fabry—Peérot plates is greater. We can thus see that, if the reflection coeffi- 
cient is sufficiently great, simple measurement of the diameter of the brilliant 
ring will enable us to determine i, with good precision. Now, for a given 
aperture of the interferometer, the value of i, corresponding to a given ring 
depends only on the wavelength 1. Every variation of this wavelength by the 
Doppler effect is thus translated into a variation in the diameters of the 
interference rings. Conversely, tracking the changes in ring diameter allows 
calculation of the variations in wavelength and thus of the changes in velocity 
of the surface studied. This is the principle on which the DLI (Doppler Laser 
Interferometer) system of velocimetry is based, as shown in Figure X.23 
[12], [19]. 

The laser beam reflected from the moving surface is returned into the 
Fabry—Pérot interferometer. Interposition of a lens (or equivalent optical 
system) makes it possible to obtain the multiple incidences necessary for the 
formation of the ring system (which is generally limited to three rings). These 
rings are formed by a lens L, in the plane of an observation slit. A lens L, 
recaptures the image of this slit to return it to a slit scanning camera. Since 
the rings are centered on the observation slit, their recording by the camera 
allows their diameters to be tracked. As long as the surface remains immo- 
bile, the ring diameters remain constant, and the recording is composed of 
lines which are parallel to the scanning direction. When the surface is set in 
motion, the wavelength of the reflected light is modified by the Doppler 
effect, and the diameters of the interference rings vary. The diameter ¢(t) of a 
given interference ring at instant t depends only on the velocity V(t) of the 
moving surface. As a first approximation—valid for a sufficient aperture of 
the Fabry-Perot (e > 10 mm)—we have the relation 

2 2 
vit) = 228 (47 _¢ O~ % *), 
4de o1 — % 
where J, is the laser wavelength and c is the velocity of light, and ¢ and 
g~, < > are the initial diameters of two successive rings, chosen at random, in 
the static part of the recording (see Fig. X.23); Ap is a whole number which 
represents the difference of the order of interference between the ring whose 
variation in diameter is being tracked and the ring of initial diameter ¢, 
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Figure X.23. Principle the DLI system. 
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Plate X.2 Application of the Doppler laser interferometer to the analysis of the 
reactive flow of the detonation products. 
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The formulation of the reactivity of an explosive (see Sections VIII.4 and IX.3) 
generally needs adjustment of some of the parameters based on experimental 
results. A standard experiment used for this purpose consists of recording the 
setting in motion of a thin metal foil placed on the surface of a slab of explosive, 
which itself is stressed by the projectile from a launcher. The absence of distur- 
bance of movement, the continuous character of the recording, good time reso- 
lution, and high precision of the DLI velocimetry technique make this an ideal 
tool for this type of experiment. 
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(Ap = 0 for this ring itself, Ap = +1 for the ring of diameter ¢, immediately 
below, etc.). It should be noted that determination of the velocity from the 
interferogram needs knowledge only of the laser wavelength and the distance 
between the plates in the Fabry—Pérot, independently of the optical magnifi- 
cations introduced by the different elements in the chain. 

In the formula establishing the velocity, the terms A), c, and e are usually 
known with very high precision, so the uncertainty of measurement essen- 
tially depends on the spatial resolution of the measured ring diameters. This 
resolution is itself a function of the fineness of the rings on the one hand and 
the spatial resolution of the recording system on the other. If sufficient re- 
flected light is available, we can improve the resolution by choosing plates 
with a very high reflection coefficient, and by recording the interferogram 
with a mechanical slit camera (see §1.3). Unfortunately, this is not always 
possible because of degradation phenomena of the surfaces under shock. 

For a given spatial resolution of recording, the absolute uncertainty in 
measuring the velocity is lower as the aperture e of the interferometer is 
greater. However, this aperture cannot be increased indefinitely since, as well 
as the loss in time resolution which is involved, as will be seen later, we 
encounter problems of thermal turbulence in the air in the cavity, and of 
diffraction due to the finite diameter of the plates, which degrade the fineness 
of the rings. The maximum aperture which can be used in practice is of the 
order of one meter. For the very large apertures of the Fabry—Pérot we also 
have a problem with uncertainty of order p of a dynamic ring faced with a 
jump in velocity. In fact, the time resolution of the system does not allow the 
tracking of very high accelerations, such as those found when intense shocks 
emerge. This sudden increase in velocity will produce more rings in propor- 
tion to the size of aperture e. The velocity after shock will then be known only 
as modulo of a value AV = 1,c/4e, which will be, for example, 77 m/s if 
e = 50 cm. To remove this uncertainty it is thus necessary to know the ex- 
pected order of magnitude of the velocity with a precision greater than this 
value. One way of doing this is to take a part of the reflected light and return 
it over a second interferometric path with a Fabry—Peérot operating with a 
small aperture. 

Under optimum experimental conditions (maximum aperture of the 
Fabry—Perot and optimal recording resolution) the absolute uncertainty of 
velocity measurement is of the order of one meter per second. The DLI 
technique therefore only allows good relative precision for measuring velo- 
cities in excess of a few tens of meters per second. It is particularly well 
adapted to the range of velocities encountered in detonics of the order of 
several thousands of metres per second, for which it has a measurement 
precision of several parts per thousand. The time resolution of this velocity 
measurement is essentially limited by the response time of the Fabry—Pérot, 
since the recording system with the slit camera permits resolutions of much 
less than one nanosecond, particularly with electronic cameras (see §1.3). The 
response time of the Fabry—Pérot corresponds to the time which the inter- 
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ferometer takes to “empty” the light which has returned at a given instant. As 
distinct from the Michelson, this time is theoretically infinite, because of the 
interplay of forward and reverse multiple reflections on the plates. However, 
in practice, as the intensity of the ray emitted on the nth forward—reverse is 
equal to that of the ray emitted the (n — 1)th time multiplied by r? (r < 1, 
reflection coefficient), only a finite number of forward and reverses take part 
in the interference, since the sum of the resulting intensities of subsequent 
forward and reverses is below the detectability threshold of the system. The 
resulting response time varies as e/(1 — r?). To reduce this, we can diminish 
the reflection coefficient of the plates, but, as we have seen above, this dam- 
ages the fineness of the rings and thus the precision of velocity determination. 
We can also reduce the aperture of the Fabry—Pérot, but again we have seen 
that this will increase the absolute uncertainty of velocity measurement. It 
may be observed that, for the DLI system as for the VISAR system, time 
resolution and absolute uncertainty of measurement are irreconcilable. How- 
ever, the situation varies according to the range of velocities to be measured. 
In fact, for velocities of several thousands of metres per second, we must be 


Figure X.24. DLI chain with two measuring paths next to a light gas gun in Centre 
d’Etudes de Vaujours, Commissariat a l’Energie Atomique, France. 
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content with an absolute uncertainty of several tens of meters per second— 
which corresponds to a precision of the order of 1%—and to choose a small 
Fabry—Pérot aperture of the order of 10 mm; the response time of the system 
then falls below one nanosecond. For lower velocities one can either keep the 
time resolution and sacrifice precision, or keep the precision and be content 
with a time resolution of the order of ten nanoseconds: it is up to the experi- 
menter to define the best compromise according to the application envisaged. 

Another particular aspect of the DLI technique must be stressed: as 
opposed to the VISAR system it needs powerful lasers because of the low 
luminous gain of the detection system. An argon laser ionized to a power of 
some 5 W in monomode is generally used. This can pose security problems, 
both for users and for the explosive. An elegant way of resolving these 
problems, which simplifies the path and its control, is to ensure the transport 
of direct and reflected beams by a bundle of optical fibers. 

In conclusion, these interferometric techniques which allow continuous 
measurement of the velocity of a free surface, without any disturbance of 
movement, constitute, because of their precision and time resolution, by far 
the most effective means of measuring velocity at present available for 
detonics, where their applications continue to increase. Figure X.24 shows a 
two-path chain, installed at Centre d’Etudes de Vaujours, Commissariat a 
Energie Atomique, France. Plate X.2 shows an example of the use of this 
chain for the study of reactive flows by the “thin metal foil” method. 
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These measurement techniques have benefited from the considerable pro- 
gress made in recent years in the field of electronic rapid recording. The 
experimenter now has at his disposal chronometers with a resolution better 
than one nanosecond, and oscilloscopes with band-width of 500 MHz or 
even 1000 MHz. Recording techniques are thus in general no longer a limita- 
tion to the resolution and precision of measurements. Conversely, the quality 
of the latter is still noticeably dependent on the constitution and the mechan- 
ical positioning of the gauges or probes which generate the signal at the level 
of the experimental assembly and are destroyed with it, as well as on the care 
taken with connections and synchronizations. 


2.1. Probes and Gauges 


It is usual to distinguish three main groups as a function of the parameter one 
is seeking to measure: 


— chronometric probes; 
— manometric gauges; and 
— velocimetric gauges. 
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(a) Chronometric Probes 


By this term are designated devices which, when placed at a point in an 
experimental assembly, deliver an electric impulse at the time of arrival of a 
shock wave or of a free surface, thus allowing recording of the instant of their 
arrival at this point. These probes are generally used to measure a velocity (of 
shock or of detonation) or the velocity of a free surface, by determining the 
transit time over a previously fixed distance. The qualities to be expected are 
therefore: 


e the least possible disturbance of the flow studied (particularly for probes 
which will be “touched” subsequently); 

e asignal of sufficient intensity to stand out from the background noise, with 
a steep and highly reproducible ascent front; and 

e a response time which is very short compared to that of the passage of the 
shock or of the surface, with the smallest possible scatter of this response 
time (jitter). 


In fact, the ideal chronometric probe, suited to all experimental needs, 
does not exist (or at least not yet). Each type of probe shown here is more or 
less suited to one range of incident shock pressures, to one kind of material 
(solid or liquid, explosive or not, conductor or insulator, etc.), and to one 
experimental environment. 

A passive probe functions as a switch, creating a short circuit between two 
conductors at the instant of the passage of the shock wave or of the free 
surface. The corresponding electrical impulse is generated by the discharge of 
a capacitor, as shown in Figure X.25. The capacitor (usually some tens of pF) 
is charged a voltage of about 100 V delivered by a battery. Closure of contact 
by the probe creates a discharge front which is propagated in the line con- 
necting the probe to the capacitor and then into the line transporting the 
signal to the recording system. The damping resistance R (usually 100 Q) is 
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Figure X.25. Simplified diagram of the discharge circuit of a passive chronometric 
probe, 
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designed to make the discharge aperiodic, thus avoiding subsequent oscilla- 
tion. To obtain a very steep ascent front (less than one nanosecond), the 
self-inductance of the discharge circuit is reduced as much as possible by 
using coaxial structures wherever possible, within the probe itself and within 
the housing—called the impulse housing—which houses the capacitor and 
its matching resistance. This impulse housing is also placed as close as pos- 
sible to the probe to limit degradation of the signal in the first linking cable, 
which—as it is destroyed during the experiment—is usually of inferior qual- 
ity to that of the cables which transport the signal to the recording shed. The 
signal thus produced has a maximum of several tens of volts. 

Figure X.26 shows the main types of passive chronometric probes devel- 
oped. The needle probe was one of the first to be used for this application: 
displacement of the free surface after reverberation of the shock forming 
a closed circuit between the metallic needle and the conducting material 
studied, which is itself earthed. This probe is very crude and does not usually 
have good response time reproducibility, partly because of the difficulty in 
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Figure X.26. Main types of passive chronometric probes. 
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obtaining sufficiently accurate positioning on the surface, partly because of 
the sensitivity of the break-down mode, between needle and surface, to pos- 
sible precursors detached by the shock. 

If the shocks are sufficiently intense (above 300 kbars), the following modi- 
fication to the probe will cure these two faults: a thin sheet of an insulating 
material (usually mylar), made conducting by the passage of an intense 
shock, is placed between the surface and the needle. This device allows the 
needle to be positioned very close to the surface (about 5 zm) without risk of 
breakdown, and with a very high precision because of the rounded shape of 
the head and a calibrated support spring. In this way uncertainty of the order 
of one nanosecond is obtained with shocks of several hundred kilobars. One 
disadvantage of needle probes is that they can only function on conducting 
materials. Another disadvantage is that they are unsuitable for measuring the 
velocities of free surfaces. To reduce these two problems, the “hooded probe” 
has been developed, using the same principles. Contact is established by a 
shock between a needle and a metallic hood, which is itself fixed to a metallic 
minitube which surrounds the needle and is separated from it by an insulator. 
These probes have the advantage of being entirely coaxial. Initial insulation 
between the core and the hood is ensured either by a layer of air (about 
100 um) or by a block of mylar (about 5 um). The first probes—“air 
probes”—have rather less precision but do allow working at lower in- 
cident shock pressures (150—200 kbars). However, despite its advantages, 
the hooded system increases the time taken for the contact to respond to 
the passage of the shock in the thickness of the hood (usually about 100 um) 
and, in particular, increases the uncertainty of this response time (due to 
variations in hood thickness and deviations from perpendicularity to the sur- 
face). The resulting uncertainty varies from several nanoseconds for weak 
shocks (of about 200 kbars) down to about one nanosecond for strong 
shocks (greater than 500 kbars). The anodized aluminum probe increases 
this precision even more, using a similar principle to that used in the hood- 
ed probe. It is made from an aluminum wire, the rounded end of which is 
anodized to form an insulating alumina layer of 1—2 ym. This wire is inser- 
ted in a metallic minitube, from which it is separated by an insulator. A gold 
film of about 1000 A is metallized onto the alumina layer, thus ensuring 
electrical continuity with the metallic tube. This gold film plays the part 
of the hood, with the alumina layer behaving like the mylar as it becomes 
conducting under shocks greater than 200 kbars. The fineness of the different 
layers, as well as the absence of any play in the mounting, means that un- 
certainty better than one nanosecond can be obtained with shock pres- 
sures of several hundred kilobars. 

All the probes so far described, function by contact with a free surface 
which can either be a natural interface of the assembly or a facing made in the 
material studied for the measurement. In all cases, this free surface strongly 
disturbs the downstream flow, so that there can be no possibility of making 
several chronometric measurements at different depths along the same “line 
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of flow”: each probe must be placed on a stream line which is sufficiently dis- 
placed to be outside the disturbance cone caused by any upstream probe. 
Velocity measurement must therefore take account of the geometric form of 
the incident wave. However, the printed circuit probe can be buried in the 
mass of material studied so that it only disturbs the flow slightly, enabling 
several chronometric measurements to be made along the same flow line. 
This probe is formed from a very thin insulating support (kapton about 
50 wm thick) on which metallic lines (copper of several tens of microns) are 
deposited, by the same technique which is used for printed circuits. These 
lines form conducting loops, interrupted at one point for several tenths of one 
millimeter. Several different loops can be printed on the same support. Such 
probes are generally used in solid explosive. After the cartridge is cut, in a 
plane perpendicular to the detonation propagation direction, the probe is 
inserted in this plane and the cartridge reconstituted by simple mechanical 
pressure. The contact is closed by the strongly ionized detonation wave. If 
this probe is used to measure detonation velocities, the transit time measure- 
ment must be corrected by allowing for the time of rebuild-up of detonation 
after travel through the probe. It can also be used to measure velocities of 
detonation waves passing over a free surface; the probe, with several con- 
ducting loops, usually being applied to the surface with mechanical backing. 
The chronometric uncertainty obtained with these probes is usually just 
below one nanosecond. 

Active probes differ from passive probes. The current type uses the fact 
that ferroelectric ceramics can be depolarized under shock [11], [5]. Figure 
X.27 shows a possible means for constructing such a probe. It contains a very 
small ceramic chip (around one millimeter in diameter and several tenths of 
a millimeter thick) plated inside a metallic hood by an anvil which is also 
metallic, the hood being extended by a metallic tube. A metallic wire is con- 
nected to the anvil and is insulated from the tube. The front surface of the 
ceramic must be as flat as possible to reduce looseness in the assembly. It 
should be noted that the hood may be replaced by simple metallization 
which decreases the uncertainty of the transit time of the shock wave and 
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Figure X.27. Simplified diagram of a ferroceramic active probe. 
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thus improves precision. The ceramic is first polarized by a voltage of several 
hundred volts applied between its two faces at a temperature above its Curie 
point. 

When this polarized ceramic is traversed by a shock wave, it suffers irre- 
versible transformations, which cause electric charges to be released, thus 
creating a current in the circuit which connects the two faces of the disc. A 
signal of several tens of volts may be recorded, which starts at the instant 
of arrival of the shock on the front face of the ceramic, and whose shape 
depends on the pressure of the incident shock. The chronometric precision 
obtained with such a probe is comparable to that of the passive probes 
described above: it varies from several nanoseconds for low pressures (about 
100 kbar) down to lower than one nanosecond for higher pressures (of the 
order of 500 kbar). It has the advantage of functioning within the range of 
low pressures for which the functioning mode of most passive probes be- 
comes very uncertain. It should be noted that this type of ceramic probe can 
also deliver a piezoelectric signal of low amplitude, for shock pressures below 
one kilobar, which correspond, for example, to an elastic precursor. This 
does not preclude subsequent functioning by depolarization under a second, 
more intense, shock. The successive passage of two waves can therefore be 
recorded by the same probe. 

Alumina, which can also be depolarized under shock [8], has also some- 
times been used for the construction of active probes. An aluminum probe 
which has been anodized as described for passive probes can therefore be 
used as an active probe. However, the amplitude of the depolarization signals 
is noticeably lower than for ferroceramics. 


(b) Manometric Gauges 


Some authors [25] have tried to link the amplitude of the depolarization 
signals delivered by the active probes described above to the pressure of the 
incident shock. However, the precision of the pressure calibration of these 
probes remains limited. On the other hand, true manometric gauges have 
been developed for detonation experiments by using two different principles: 
the piezoelectric effect and resistivity variation under pressure. 

The piezoelectric effect in a quartz crystal submitted to a static stress is 
well known, and is used in numerous pressure sensors [15]: a stress applied 
to one face of the crystal which is perpendicular to one of its three electric 
axes creates an electric charge which is directly proportional to the applied 
stress. At the moment when measurement is made in static or quasi-static 
gauges, the quartz crystal is totally deformed under the effect of the pressure. 
But in detonics what is recorded is the signal occurring when the shock wave 
travels through the crystal. Then the response of the quartz results from a 
different phenomenology. Figure X.28 shows this mode of use. 

When the quartz is traversed by a flat shock wave that is parallel to the 
electrodes and of constant velocity U, polarization P is proportional to stress 


2. Electronic Techniques 259 


s 
s 
s 
s 
s 
s 
sg 
s 
s 
s 
s 
s 
s 
s 
s 
s 
6 
s 
s 
sg 
s 
sg 
4 
B 


BBRRRRRRERRERRERRREREREERE 


R 


Figure X.28. Functioning of a quartz piezoelectric gauge under shock. 


o: P = xo. Furthermore, assuming that resistance R is negligible compared 
to that of the quartz, a close approximation to the current intensity I is: 


S 
[> KU, — 02), 


where S is the area of the electrodes, e is the thickness of the quartz, and 
o,(o,) is normal stress on the entry (exit) face. Thus, as long as the shock has 
not reached the exit face (c, ~ 0), stress o, is proportional to intensity I of the 
current, measured over time while recording on a fast oscilloscope the volt- 
age at the terminals of resistance R. 

This piezoelectric gauge therefore allows continuous measurement of the 
changes in pressure on the interface between the material studied and the 
quartz crystal. The duration of the measurement is a function of the thickness 
of the quartz. The diameter of the crystal must be large enough for the wave 
to remain flat in the measurement zone (a guard ring is sometimes used to 
reduce this diameter). The sensitivity of this device is excellent: it can reach 
several bars. However, the linear relation between intensity and stress only 
holds up to about 25 kbar. Above that, the response of the quartz is more 
complex [17]. | 

A major problem with the piezoelectric gauge described here is that it 
measures only the equilibrium stress at the interface between the material 
studied and the quartz crystal. However, use of the piezoresistive effect allows 
the manufacture of gauges which can continuously measure the pressure 
within an inert or even explosive material. These gauges use the resistivity 
variation caused by pressure in a conducting wire. Since shock phenomena 
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are always accompanied by considerable temperature increases, experi- 
menters have tested conducting materials whose resistivity varies as little as 
possible with temperature. The three materials most often used for this pur- 
pose are manganin, carbon, and ytterbium. Manganin is an alloy of Cu 
(86%), Mn (12%), and Ni (2%), whose use as a static piezoresistive manometer 
for measuring very high pressures dates from the start of this century. Fuller 
and Price [14] first used a manganin wire manometer to measure dynamic 
pressures. The range in which manganin gauges can be used is very wide, 
from several kilobars to nearly one megabar. The order of magnitude of the 
relative resistance variation of a manganin wire is 3 x 10~° per kbar. The 
carbon shock pressure gauges which appeared later [9] show a much im- 
proved sensitivity, since their relative resistance variation is about ten times 
greater than that for manganin: 30 x 10~° per kbar. However, the range in 
which they can be used is much more limited: from several kilobars to about 
100 kbar. Ytterbium gauges are particularly well suited to measuring low 
pressures from 1 kbar to 30 kbar. 

To limit the flow disturbances due to these pressure gauges, very thin flat 
foils of piezoresistive material are generally used, inserted between two thin 
sheets of insulator (kapton, teflon, etc.). The inclusion of flat copper foils 
between the insulating sheets ensures power supply in the gauge. Such a flat 
gauge is inserted between two planes in the material studied, perpendicular 
to the mean flow direction. Variations in resistance are measured by a 
Wheatstone bridge or by a pulsed source (to avoid preheating of the gauge) of 
constant intensity, the voltages at the edges of the foil being recorded by an 
oscilloscope. The response time of the gauge is determined by the time taken 
for the piezoresistive foil to reach pressure equilibrium with the material 
studied. This time depends on the thickness of the different elements in the 
gauge and on their shock impedance as well as that of the material studied. 
Since theoretical determination of the response of a gauge to pressure is very 
complex, each type of pressure gauge is calibrated for shock experiments by 
determining shock pressures with high precision by other means (usually 
by measuring the shock velocity knowing the shock polar of the material). 
Gauges sometimes show hysteresis, which can slightly affect measurements 
made during expansion following a strong shock. The precision in measuring 
the pressure thus obtained 1s of the order of several per cent. 


(c) Velocimetric Gauges 


Several authors have measured the velocity of a free surface by using as 
gauge a flat air capacitor formed from the surface studied (which must be 
metallic) and a fixed armature arranged parallel to this surface. Recording of 
the variations in potential at the edges of this capacitor, at a constant charge, 
allows calculation of the variation in capacitance, which itself is directly 
related to the distance between the electrodes. The velocity can then be calcu- 
lated from the displacement of the surface with time. However, this veloci- 
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metric gauge has severe problems: partly because the velocity measurement 
is not made at a point but integrated over a surface which has to be large 
enough to limit boundary effects, and partly because the method is sensitive 
to precursors (metallic particles) which can be detached from the free surface 
by the initial shock. The precision of measurement is poor, particularly in 
comparison to that attained by Doppler laser interferometry systems, so this 
gauge has now been almost completely abandoned. 

However, another type of velocimetric gauge, which appeared in 1960 
[28], is still of great interest since it is one of the rare ways of directly mea- 
suring the material velocity behind a shock or a detonation front. A very thin 
conducting foil, oriented perpendicularly to the shock propagation direction, 
is buried in the material studied. At the instant of the experiment, a uniform, 
constant magnetic field is created perpendicular to this foil and to the shock 
propagation direction. Since the foil has very low inertia, it is very rapidly 
brought after the shock to the material velocity attained by the medium 
behind the shock. Since this conductor is displaced perpendicularly to the 
direction of the magnetic field, an induced e.m.f. appears at its edges, which is 
a function of its displacement velocity and can be recorded. Figure X.29 is a 
simplified diagram of this device. 

If 7 is the length of the foil, B is the magnetic field, and u is the material 
displacement velocity, Faraday’s law gives the induced e.m-f. In the electric 
circuit which includes the moving foil as V = B-?-u. B and @ are measured 
before the experiment, and the changes in voltage V, at the edges of an 
adapted charge resistance, are recorded on an oscilloscope as a function of 
time. The material velocity u(t) is thus known for each instant. With a mag- 
netic field of several hundredths of one Tesla, for a foil several millimeters 
long, a signal of the order of one hundred millivolts is obtained for a material 
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Figure X.29. Simplified diagram of an electromagnetic gauge for measuring material 
velocity. 
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Figure X.30. Experimental device for measuring the material velocity of detonation 
products. 


velocity of one millimeter per microsecond. The precision of this measure- 
ment is of the order of several per cent, and its time resolution, which is 
essentially limited by the size of the foil, can reach several nanoseconds. This 
method can be used for all nonmagnetic nonconducting materials and, in 
particular, for measuring the material velocity of detonation products behind 
a detonation front. The photograph in Figure X.30 shows an example of an 
experimental device for such measurements. The constant, uniform magnetic 
field is created by a system of electromagnets. The conducting foil is an 
aluminum sheet 2 mm wide and 100 um thick inserted in a facing made in the 
solid explosive which has been cut beforehand and then reassembled under 
pressing. | 

Other types of electromagnetic gauges have been developed by Vorthman 
[27] on the same principle: flat conducting foils are encapsulated between 
two thin insulating layers. Several measuring loops can be incorporated in 
one and the same gauge. The device is then inserted between the two parts of 
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the explosive slab, cut along a plane at an angle with the detonation propaga- 
tion direction. This system has the advantage of allowing velocity measure- 
ments to be made at several different points during the same experiment, with 
minimal use of explosive. 


2.2. Recording Methods 


In the years following the Second World War, it was often the demands of 
experimenters in detonics which prompted electronic technology and mate- 
rials for rapid recording. This demand no longer plays such a role in their 
development, since experimenters can now easily find commercially available 
equipment with performances broadly corresponding to their precision and 
time resolution requirements. Since the number of techniques in this area 
which are genuinely specific to detonics are thus limited, little attention will 
be paid to descriptions of equipment, but rather to the required perfor- 
mances. 

Two main recording techniques are generally used, according to the type 
of signals collected in the experimental assembly: oscillography and digital 
chronometry. Oscillography is particularly well suited to recording analogue 
signals of voltages from velocimetric or manometric gauges, as well as con- 
trolling the shape of the pulse from a chronometric probe. Conversely, digital 
chronometry is much simpler to operate when measuring velocities of waves 
or of free surfaces with chronometric probes, when a large number of pulses 
must be collected in one assembly. 


(a) Analogue Oscillography 


The recording is made by a single sweep of the oscilloscope, synchronized to 
the phenomenon studied, the screen being photographed by a camera which 
has been preset to a long exposure. Several parameters are essential when 
choosing an oscilloscope for recording high-speed signals. These are now 
briefly reviewed. First, the band-width characterizes the capacity of an oscil- 
loscope (amplifiers and tube) to transmit transient signals without deforming 
them. It is conventionally defined by the frequency response to a sinusoidal 
signal: it corresponds to a maximum attenuation of 3 dB (or 0.707) as defined 
in Figure X.31. 

In fact, for a nonperiodic unique signal, the primary interest is in the 
degradation of the ascent fronts which is caused by this limitation of the 
frequency response. In the most damaging case of a perfectly square source 
signal, the oscilloscope will record a progressive signal (see Fig. X.31). The 
rise time t of this signal may be defined as the time required to increase from 
10% to 90% of its value. It is generally agreed that t is related to the band- 
width B by the simple relation: t x B = 0.35. 

In theory, if the transfer function of the equipment is known, this recorded 
signal can be decoded by Fourier series transform to recover the original 
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Figure X.31. Response of an oscilloscope to transient signals. 


signal. This type of correction is limited in practice, since the attenuation 
increases very rapidly for high frequencies, and the corresponding informa- 
tion is lost in the background noise. The time resolution of the recording is 
thus appropriate to signals whose width is at least a fraction of the value of 
t. Fortunately, this is only rarely constrictive for detonics measurements, 
since 1000 MHz (or over) band-width oscilloscopes are available, for which t 
is 350 ps. | 

Yet another factor limits the possibility of recording transient signals by 
analogue oscillography—the sweeping rate on the film. In fact, for the signal 
to be recorded, the luminous intensity of the corresponding trace must be 
sufficient to show on the sensitive surface. Other things being equal, this 
intensity is weaker when the spot displacement rate is greater. To increase 
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the resulting maximum rate, manufacturers have increased the electron 
accelerating voltage (up to values of the order of 25 kV) and have improved 
the electron—photon conversion factors of phosphor screens. In some recent 
oscilloscopes, plates of microchannels are used, similar to those used for 
high-speed cameras (see §1.2(b)), placed in front of the screen in order to 
multiply the electrons by secondary emission. This device makes it possible 
to move the maximum recording rate of the order of 9 cm/ns for the best 
conventional equipment, up to maximum rates of nearly 20 cm/ns. The pri- 
mary conclusion here is that, for certain types of oscilloscopes, the limitation 
due to recording rate can sometimes be more restrictive than the limitation 
due to band-width for single sweep recording of highly transitory signals. 

The time resolution of measurement with an analogue oscilloscope also 
depends on the spatial resolution of the recording. This is essentially a func- 
tion of the spot dimension (usually several hundred microns) and of the 
sweeping rate. This limitation usually corresponds to several parts per thou- 
sand for the duration of sweeping. For the highest sweeping rates, this is often 
not as restrictive as the band-width limitation, but it becomes so at the lower 
rates used to increase the measuring range duration. 

The chronometric precision is not necessarily as good as the resolution, 
because of faults in the sweeping linearity guided by the time base. This 
precision is generally at best about one per cent of the sweeping time. It is 
possible to improve it by marking time with a stable frequency pulsed signal 
provided by an oscillating circuit. 

In the same way, the precision of the signal amplitude essentially depends 
on the linearity of the deflection system response. This precision is generally 
at best about one per cent of the value corresponding to the maximum deflec- 
tion. Thanks to amplifying systems, the sensitivity range that can be covered 
by one oscilloscope is very high: a typical range is from less than one millivolt 
up to several tens of volts. The experimenter can and must first choose the 
appropriate sensitivity: one which allows all the dynamics of the expected 
signal to be covered with the greatest precision. He can and must also adapt 
the sweeping rate chosen to the anticipated duration of recording to benefit 
from the best chronometric precision. To improve precision, the same signal 
will often be recorded on several different oscilloscopes (or on two different 
traces within the same oscilloscope) while using different sensitivities and the 
highest sweeping rate, these recordings being displaced in time. The resulting 
synchronization problems will be examined later. 


(b) Digital Oscillography: Transient Analyzers 


Along with analogue recording techniques for ultrafast signals, digital re- 
cording techniques have been developed in recent years, whose performance 
iS now just as high. These have the great advantage of allowing immediate 
computer processing of the signal information, thus eliminating the subjec- 
tivity of a visual examination of the oscillogram or the laborious work of 
digitizing the frame. 
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Different types of equipment are commercially available. Their perfor- 
mances are similar, their principal differences lie in the methods of time sam- 
pling and of digitizing the signals. Some use an oscilloscope tube whose 
phosphor screen is replaced by a mosaic of silicon diodes. These diodes are 
first charged, being discharged when they are touched by an electron beam. 
The mosaic of diodes thus memorizes the oscilloscope sweep trace. A second 
tube, placed opposite, reads this information by sweeping the mosaic column 
by column, thus recharging the discharged diodes. The current thus pro- 
duced is used to store in a digital memory the number of the column (time 
information) and the position of the diode within the column (signal ampli- 
tude information). Other systems also use an oscilloscope tube, but without 
time sweeping. The amplitude deflection is recorded in real time by a series of 
elongated silicon diodes, arranged parallel to the deflection direction. The 
electron beam is enlarged into a layer to cover the entire series of diodes, 
while a time marking system allows direct digital coding of the amplitude 
deflection, over as many bits as there are diodes. A real time sampling circuit 
periodically takes these digital values and stores them in memory. Lastly, 
some very recent instruments do not contain cathode ray tubes but use very 
high performance analogue—digital converters for direct digitization of the 
amplitude signals which are sampled at very high frequency and stored in 
memory. 

The characteristics which must be taken into account when choosing this 
type of instrument to record ultrafast transient signals are essentially: 


e the band-width, for the same reasons as those invoked for analogue oscil- 
lography (the best digital equipment now available reaches 500 MHz); 

e sampling frequency which fixes time resolution (at best 500 ps) and the 
stability of this frequency which limits precision (with a digital oscilloscope 
this depends on the sweeping linearity, as for an analogue oscilloscope, but 
with a sampler this can be significantly improved thanks to high stability 
clocks); 

e the number of levels of coding the amplitude signal which give the measur- 
ing resolution, and the response linearity which determines its precision 
(usually comparable to that of analogue oscilloscopes); and 

e the number of points which can be stored in the memory, which determines 
the total recording time at a given frequency (currently a few thousand 
points in the memory at best). 


Because of the immense progress made with this type of instrument, it is 
reasonable to suppose that in a few years they will steadily supplant analogue 
oscilloscopes for recording transient signals in detonic experiments. 


(c) Digital Chronometry 


To determine the velocity of a wave or of a free surface with chronometric 
probes, it is not usually necessary to record the shape of the pulses delivered, 
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but only to be able to measure the times between the different pulses. Among 
other considerations, a very small uncertainty (about one nanosecond) is 
sought for such measurements on time bases which are rather long (up to 
several microseconds). Now, oscilloscopes and transient analyzers do not 
often allow such precision, except when significantly shorter time bases are 
used. The experimenter must then resort to more or less complex synchroni- 
zation devices where several recorders are displaced in time. The multiplica- 
tion of measuring points, which is often necessary to take account of the wave 
form, also makes these recorders difficult to use: the recorders must either be 
multiplied in parallel, or the signals from different probes must be multi- 
plexed. All these factors show why multipath digital chronometric systems 
are of interest, since they are very simple to use and offer high precision with 
very long time bases. 

These chronometers generally contain a very highly stable quartz clock, 
which is used to measure the time interval 7 separating a common trigger 
pulse from the stop pulse received on each of the measuring paths. Since the 
frequency of the quartz clock is usually insufficient to provide the required 
precision, each path contains a vernier system—or time expansion circuit— 
which allows determination of the time interval separating the stop pulse 
received on this path from the immediately following pulse from the quartz 
clock. Figure X.32 shows the functioning of this device. 
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Figure X.32. Principle of a high performance digital chronometer. 
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The trigger pulse from the chronometer is brought into phase with the 
immediately following pulse from the clock. The times measured on the dif- 
ferent stop paths of the chronometer are related to this phased pulse. The 
stop pulse received on one path is also phased with the immediately follow- 
ing pulse from the clock. The two phased pulses—trigger and stop—serve, 
respectively, to start and to stop the master clock pulse counter which thus 
determines the time 7 +t, (7 is the time to be measured, t, is the time 
interval between the stop pulse and the immediately following pulse from the 
clock). To determine the time t,, the time expansion circuit uses a memory 
capacity: the stop pulse charges this capacity by a current of intensity I up to 
the arrival of the phased stop signal which discharges it by a current of much 
weaker intensity I’. The discharge time ¢', will then be much longer than the 
charge time, so that t’,/t, = I/I' = constant: the ratio x of the two intensities 
generally being of the order of 100, the time t;, can be measured with good 
precision by the clock vernier pulse counter, started by the phased stop pulse 
and stopped by a comparator detecting the end of capacity discharge. The 
time t, can thus be determined, and subtracted from the time given by the 
master counter to obtain the value 7 of the time to be measured. 

The precision obtained with this device is limited only by the resolution 
of the vernier system, for the clock stability (which can be as good as 
10~7/day) allows excellent precision in the master counter measurements. 
The precision in measuring t, is of the order of to/kg (to being the clock 
period). The chronometric precision between the stop paths is then 2t°/x, 
and measurement times can be very long compared to t,. The highest 
performance chronometers made in this way contain a 100 MHz clock. They 
reach precisions of the order of 100 ps for the measured times which can 
reach 100 ms. Each instrument can count several tens of chronometric paths. 

The trigger pulse of the chronometer and the different stop pulses are 
usually generated by threshold comparator circuits. To obtain the best pos- 
sible precision in response time without risking interference triggering, this 
threshold level is regulated as a function of the expected signal amplitude of 
the chronometric probes and shape of the ascent front. The dispersion as 
to the response-time of the probes (see §2.1(a)) is usually greater than the 
inherent uncertainty of the digital chronometer. 

The indications given in Plate 3 show the wealth of information obtained 
by an experiment which combines probes, gauges, and electronic recording 
techniques. The existence and quality of the final result are, however, assured 
only if the less “noble” problems of connections and synchronization are 
controlled. These are briefly reviewed below. 


(d) Connections and Synchronization 


In order to be able to transmit without deformation the ultrafast transient 
signals collected from a firing assembly, the experimenter must pay special 
attention to the quality of the connecting cables used, particularly when their 
length is very great, because of the need to protect the recording means 
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against the destructive effects of the explosion. Cable manufacturers usually 
provide a graph of attenuation per unit of length as a function of the fre- 
quency transmitted. For consistency, cables are usually chosen so that the 
band-width of the connection, defined as an attenuation of 3 dB over its total 
length, is at least equal to that of the recording system used. 

Furthermore, when chronometric precision equal to or less than one 
nanosecond is sought between the measuring paths, it is essential to take 
account of the delays introduced by the signal propagation times in the 
corresponding different cables. The majority of cables have a signal propaga- 
tion velocity of the order of 0.2 m/ns, which gives a path time of 150 ns. for 
the connections of about 30 m which are currently encountered in the firing 
area. As a rule, all the measuring paths are chosen so that they will be of the 
same “electrical length.” If this is not possible, the propagation time in each 
cable must be measured precisely, and this value used to correct the chrono- 
metry of the signals recorded in each path. 

To attain high chronometric precision in electronic measurements, there 
must be careful study of the synchronization of the different recorders with 
regard to the phenomenon studied, and also with regard to each other. The 
problem of synchronization is particularly important in the case of oscillo- 
scopes or transient analyzers, since it has been seen that the chronometric 
precision of such equipment is better when their measurement range 1s short 
(for a precision of 1 ns, the measurement range is typically limited to 100 ns). 
It is therefore generally impossible to synchronize with the pulse for firing the 
explosive, since the uncertainty of the priming time with a detonator is usu- 
ally greater than 10 ns. The possibilities of internal triggering of single-sweep 
oscilloscopes are often used: recording is triggered by the rising front of 
the first signal received, with an internal delay system allowing recording of 
the complete signal. When this is not possible, a pulse delivered by a chrono- 
metric probe can be used, placed slightly ahead of the measuring gauges, to 
activate the recording. To synchronize several recording devices with each 
other, activating make-and-breaks are used which, on receiving a single 
pulse, deliver several pulses which are strictly synchronized. When displace- 
ment of the time ranges is needed for different recordings, the activating 
pulses thus obtained can be transferred by delay generators (which are some- 
times integrated with the recorder). These delay generators can be made of a 
simple delay line for the shortest times: the pulse is delayed by a path along 
a length of cable determined beforehand. For the longer times, monostable 
circuits are generally used, where the time constant can be altered in discrete 
Steps, which, after a trigger pulse, deliver a delayed new pulse. All these 
electronic systems now offer high precision operation. However, when 
different recordings need retiming with regard to each other, one and the 
same pulse is often recorded on two recorders with overlapping time ranges. 


3. Radiographic Techniques 


Radiography is practically the only method which allows observation of 
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Plate X.3. Application of electronic techniques to the experimental determina- 
tion of the surface of state of a solid explosive. 


The experimental device opposite associates chronometric probes with piezo- 
resistive gauges which may be of carbon or manganin according to the range of 
pressures to be measured. The shock generator used is a powder launcher; the 
projectile, whose front face is of copper, impacts a transmitter which 1s also of 
copper. The hooded chronometric probes, linked to a digital chronometer, 
allow measurement of the velocity V of the projectile, by measuring the flight 
time over a previously determined distance. Knowing the copper shock polar, 
the pressure and the material velocity behind the incident shock in the trans- 
mitter can then be determined. This shock is transmitted to the solid explosive 
sample studied, which is inserted between the transmitter and a plexiglass anvil. 
The two piezoresistive gauges, where the resistance variations are recorded by 
oscilloscopes in Wheatstone bridge assemblies, allow the changes in pressure to 
be tracked both at the transmitter—sample interface and at the sample—anvil 
interface. Gauge | successively shows the increase in pressure corresponding to 
the shock transmitted into the sample, and the decrease due to the arrival of the 
release wave resulting from the transmission of the shock from the sample into 
the anvil whose shock impedance is weaker. Gauge 2 shows the increase in 
pressure corresponding to the shock transmitted from the sample into the anvil 
and then the decrease due to the arrival of the release wave linked to the 
reflection of this shock from the free surface of the anvil. These different epi- 
sodes are clearly shown by the oscillograms which record the voltages at the 
terminals of these two gauges and by examining the pressure values obtained 
from the calibration curves of the gauges. Measurement of the time interval 
t, —t, separating the pressure rises in the two gauges allows, knowing the 
sample thickness e,, determination of the velocity U of the traveling shock. 
Knowing the initial sample density p,, the state of initial shock in the trans- 
mitter, and the release isentrope originating from this point, a state (p,, u,) of 
the explosive sample shock polar can be determined in the plane (p, u). Direct 
measurement of the pressure corresponding to the first level recorded on gauge 
1 can confirm the validity of this determination of p,. Furthermore, knowing 
the shock polarity of the material forming the anvil, measurement of the second 
level of pressure recorded on gauge 2 allows determination of a state (p,, u,) of 
the isentrope originating from state (p,, u,). 

Furthermore, the existence of pressure levels after the arrival of the first 
shock on gauges 1 and 2 can confirm that this shock is weak enough to leave 
the explosive inert. In fact, when the shock is intense enough to induce chemical 
reactions, there is a progressive increase in pressure on the two interfaces after 
the passage of the first shock. 


flows within a material without causing disturbance. This technique is there- 
fore of great interest in detonics, for observing positions and shapes of waves 
and interfaces. It will also be seen that it is the only way for direct determina- 
tion of the instantaneous local density of materials in a flow (e.g., behind a 


shock front or a detonation front). We shall now discuss in turn the three 
main aspects of this technique: 
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radiographic generators; 


e recording techniques; and 
e plate processing techniques. 


3.1. Flash Radiographic Generators 
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To limit the effects of kinetic flow on a radiographic plate in detonic experi- 
ments, it is necessary to use exposure times considerably below one micro- 
second, as for photographic techniques. However, these very brief exposure 
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times are not obtained here by the image recording system but by the radio- 
graphic generator operating by pulse discharge. These machines for flash 
radiography are consequently very different from conventional medical or 
industrial radiographic equipment, which function over much longer times 
(typically from several hundredths of one second to several hours) and can 
thus operate, for the same delivered dose, with very much weaker radiation 
intensities. Before detailed examination of the two technologies used in flash 
radiography— Marx generators and linear accelerators—the essential pa- 
rameters for forming a “good” radiographic image will be considered [4], 
[18]. 

A radiographic image is achieved due to differential absorption of the 
radiation in the object. For monochromatic radiation, the intensity received 
at one point of the recording is given by the relation 


I/I, =r? exp(— [e ax), 


where I, is the intensity of the X-ray beam from the generator, r is the 
distance between generator and recording, p is the local density of the mate- 
rial studied, | p dx is the total surface mass traversed by the radiation, and pu 
is the mass absorption coefficient of the material at the wavelength of the 
incident X-rays. For a radiographic image to be recorded, it is necessary that 
the resulting radiation dose received at every point of interest in the image is 
included in the recording system dynamics, which is generally limited, as will 
be seen later. The experimenter uses three parameters at the level of the 
radiographic generator: the total dose delivered { Ip dt, the distance r which 
separates it from the object, and the energy of the X-ray photons. In fact, the 
mass absorption coefficient 4, which represents the sum of the three radia- 
tion—matter interaction effects, the photoelectric effect, the Compton effect, 
and the formation of pairs, varies very considerably with the energy (or wave- 
length) of the incident radiation. Figure X.33 shows an example of the rela- 
tions between absorption coefficient and photon energy for three different 
substances. The mass absorption coefficients are at their minimum for 
energies of the order of several mega electron-volts. Flash radiography gener- 
ators generally operate in this energy range, which corresponds to maximum 
transparence to radiation and thus allows, at the given dose, penetration of 
the maximum surface mass of a given material. However, it is also for this 
energy range that there is minimum contrast between surface masses pene- 
trated in the same material on the one hand, and between two materials for 
the same surface mass on the other, since the values of the absorption coeffi- 
cients of the different materials are close to one another in this range. If a 
sufficient incident dose is available the experimenter can optimize the con- 
trast on the plate by altering the wavelength so that the doses issuing from 
the different surface masses penetrated, in the zone of interest in the object, 
use the dynamics of the recording system to the best possible advantage. 
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Figure X.33. Mass absorption coefficients of X-ray photons in Al, Ag, and Pb. 


Since the X-ray beam from the generators is produced by bremsstrahlung, it 
is never monochromatic, but shows a continuous spectrum whose maximum 
energy is a function of the energy of the electrons striking the target. By 
altering the voltage that is accelerating these electrons, the maximum energy 
of the X-ray photons emitted can be varied in order to achieve this optimiza- 
tion. | 

One last important parameter for the quality of radiographic plates, and 
thus for the precision of measurement, is the size of the emissive source or 
“focal spot.” In fact, since the radiation source is never strictly a point, every 
contour of the object suffers a penumbral or geometric fuzziness on the re- 
cording as shown in Figure X.34. Since the object can neither be placed very 
close to the recording device (because of the destructive effects of the experi- 
ment) nor too far from the generator (because the intensity decreases as the 
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Figure X.34. Geometric fuzziness due to an extended X-ray source. 


square of the distance), the area of the focal spot must always be as small as 
possible. 


(a) X-Ray Machines Using Marx Generators as Power Source 


These flash radiographic machines use the Marx principle of charging capac- 
itors in parallel and discharging them in series to produce high voltages. Such 
a device provides very high voltage shocks of very brief duration for entering 
the radiographic tube. Figure X.35 shows the principle of this generator. The 
Capacitors are grouped in modules of two, separated by inductance coils. 
These inductance coils allow slow charging of the capacitors in parallel, while 
showing a very high impedance during the pulsed discharge. The first module 
(or possibly the first few modules) contain(s) a priming electrode which, on 
release of the high voltage pulse, activates the functioning of the first spark 
gap. The voltage which then appears across the spark gap is sufficient for the 
discharge to proceed gradually. According to the output voltage and energy 
required, the generator can contain up to several tens of capacitor modules. 
These modules are generally mounted in a metallic tank filled with an in- 
sulating fluid. This device allows insulating distances to be reduced, and thus 
improves compactness, while also limiting electromagnetic interference 
which can be troublesome when electronic recording systems are adjacent. 
Such a generator delivers, on an adapted circuit, a very brief voltage pulse 
whose magnitude is close to the product of the charging voltage of the capac- 
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Figure X.35. Principle of a Marx generator. 
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itors and the number of modules. Since the variation of intensity with time is 
very pronounced, the self-inductance of the discharge circuit must be very 
low to avoid losses. The connection between generator and tube must there- 
fore be coaxial, and as short as possible. For this reason, the tube is often 
integrated with the Marx generator tank. 

Flash radiographic machines cannot use hot-cathode X-ray tubes (with 
emission of electrons by a thermoelectronic effect) like those conventionally 
used in industrial and medical radiography, because of the very high current 
densities needed (of the order of 1,000,000 A/cm”). Two sorts of tubes are in 
general use: field-emission tubes and vacuum discharge tubes. 

Field-emission tubes contain a conical tungsten anode placed in the axis of 
a cylindrical cathode with a metallic comb. When a voltage pulse is applied 
to the anode by the Marx generator, the very fine points of this comb gener- 
ate very intense fields (3 x 10? V/m), which allow electrons from the metal to 
cross the potential barrier of the surface by the tunnel effect (field emission). 
The conical shape of the anode allows the surface for electron impact to be 
increased, to avoid vaporization of the tungsten, while keeping a very small 
apparent emissive surface vis-a-vis the object. The anode, which can thus 
serve for very many X-ray flashes, need not be collapsible, but is placed in a 
sealed glass ampoule under high vacuum. Figure X.36 shows the principle of 
this device. | 

Vacuum discharge tubes use the phenomenon of the breakdown which 
is produced, if the voltage is sufficiently high, between two electrodes in a 
high vacuum (better than 10° torrs). The most up-to-date tubes of this type 
use an annular cathode and a pointed tungsten anode, which allows the 
discharge to be focused on a tiny surface. Figure X.37 shows the principle of 
such a tube. For the lowest voltages (<300 kV) the discharge of the tube 
must be primed by an activating electrode guided by a high voltage pulse 
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Figure X.36. Diagram of a field-emission X-ray tube. 
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Figure X.37. Diagram of a vacuum discharge X-ray tube. 


taken from an intermediate stage of the Marx generator (triode tube). Be- 
cause of the very strong electron bombardment suffered by the tip of the 
anode, it is rapidly blunted, and thus the size of the focal spot of the tube 
increases steadily. The anode must therefore be renewed after a certain num- 
ber of X-ray flashes: some manufacturers offer tubes which can be dismantled 
but require maintaining of the vacuum, while others offer sealed interchange- 
able tubes which avoid any need for pumping. 

The photograph in Figure X.38 shows a 600 kV flash radiographic 
machine with maintained vacuum discharge tube manufactured by the 
SCANDITRONIX company. 

The vacuum discharge tube which is shown, like the field-emission tube, 
works by reflection, since the X-rays used for radiography are those pro- 
duced in a direction practically opposite to that of the electron bombard- 
ment. Now, for high energies, (> 500 kV), the production of radiation be- 
comes more and more anisotropic: the intensity in the direction of electron 
propagation then being very much greater than that in the opposite direc- 
tion. For the best use of this effect, some large machines contain a vacuum 
discharge tube of a different type: the anode is a thin tantalum or tungsten 
foil, earthed and positioned opposite the cathode onto which the Marx 
generator applies a negative voltage pulse. Electrons are focused by the 
conical shape of the cathode. The Physics International company has built a 
G.R.E.C. machine for the Commissariat a Energie Atomique, France, which 
produces doses of the order of 100 rads at 1 m in 80 ns with a very high 
voltage 7 MV pulse shaped by a blumlein. 

Such power is exceptional, but many manufacturers market flash radiog- 
raphy Marx generators where the working voltages rise in steps from 100 kV 
to more than 1 MV. Using either field-emission tubes or discharge tubes with 
a conical anode, these machines deliver doses of between several tens to more 
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Figure X.38. SCANDITRONIX 600 kV generator and tube with maintained vacuum. 


than 100 mrads at 1 m, for times around several tens of nanoseconds and on 
focal spots of about 1—S mm. 


(b) Linear Accelerators 


The linear accelerator, which allows high energy electrons to be focused on a 
metallic target, can operate by pulse discharge and thus form a flash radio- 
graphic machine. Figure X.39 shows the block diagram of such a machine. It 
contains a diode or triode type of electron gun with a tungsten hot-cathode. 
The burst of electrons is obtained by applying a very high voltage pulse of 
very brief duration (several tens of nanoseconds), which can be provided by a 
Marx generator, to this gun. The electron bunch thus formed is accelerated 
in resonant cavities placed in series (usually three or four according to the 
machine). These cavities are fed by hyperfrequency sources which usually 
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Figure X.39. Block diagram of a linear accelerator for flash radiography. 


contain a klystron amplifying the H.F. signal from a pilot source. The com- 
ponent of the electric field produced is displaced parallel to the axis of the 
cavity and “hitches onto” the electron bunch, accelerating it while transfer- 
ring part of its energy. These very high energy accelerator systems also func- 
tion by pulse discharge but for durations much longer than that of the 
electron burst. On leaving the last acceleration cavity, the electron beam 
is focused by an electromagnetic lens on a tungsten target to produce 
X-rays by bremsstrahlung. A window which is transparent to electrons (e.g., 
of beryllium), placed slightly ahead of the target, serves to protect the 
accelerating sections, which function under very high vacuum, from tungsten 
vaporized by electron impact. 

One great advantage of the accelerator, compared to Marx generator 
X-ray machines, is that it is capable, by means of a special development of 
the electron gun activation system, of delivering many X-flashes for the 
same target during one experiment, and can thus provide cineradiography. 
It can also be made to function continuously for durations of several tens of 
microseconds, to provide slit scanning recordings. 

High performance radiographic machines have been devised using this 
linear accelerator technology, such as the PHERMEX at the Los Alamos 
National Laboratory and ARTEMIS at the Commissariat a l’Energie 
Atomique, France. Such machines can deliver three X-ray flashes in about 
50 ns, carrying doses of several tens of rads at 1m, and the interval between 
flashes can be reduced to several hundred nanoseconds. The X-ray spectrum 
resulting from accelerating electrons at about 50 MeV is centered round 
several mega electron-volts, and the focal spot is reduced owing to electro- 
magnetic focusing of the electrons (of the order of 1 mm). 


3.2. Recording Techniques 


In radiography, recording involves converting information about the “radia- 
tion dose” transmitted through the object at each point into information 
about “optical density” [7]. As to recording, flash radiography poses two 


3. Radiographic Techniques 279 


specific problems when used in detonics: 


e the X-photons are usually of distinctly higher energy than those used in 
industrial and medical radiography and interact much less with the detec- 
tors; and 

e the recording must be protected from the destructive effects of the experi- 
ment while remaining as close as possible to the object to limit geometric 
fuzziness (see §3.1). 


There are two different techniques which can be used to resolve these prob- 
lems: the use of films together with screens, assembled in cassettes which 
are protected from the effects of the explosion, or the use of scintillators 
which are destroyed in the experiment and whose image is taken at a distance 
by an electronic camera. The possibilities of cineradiography, both with inte- 
gral images and with slit scanning, will also be examined. After that, several 
devices will be presented which, when interposed between the generator and 
the recording system, allow plate quality to be improved and the plates cali- 
brated. 


(a) Film—Screens 


Photosensitive film, because of its ease of use and particularly because of the 
quality of the images obtained, is still the first choice for recording radio- 
graphic images. However, the probability of interaction of X-photons with 
the layer of active grains in the emulsion varies inversely with their energy, 
and it is therefore practically impossible to record a direct image with flash 
radiography generators using only one film. It is therefore necessary to devise 
a system of screens which convert part of the incident X-radiation into a 
radiation to which the film is more sensitive. These screens are placed in 
contact with the film, either in front (on the side of the radiation source), 
or behind, or on both sides. The recording performances that must be con- 
sidered are therefore those for the screen(s)—film conjunction, their modes of 
response to radiation being closely interlinked. Two main groups of screens 
may be used: metallic and fluorescent. 

Metallic screens produce electrons by the photoelectric effect and by the 
Compton effect, which show up on the sensitive film. Lead screens are most 
often used. Use of a relatively thick screen in front allows part of the radia- 
tion diffused on the object to be filtered, this being of lower energy than 
directly transmitted radiation. This allows improved image definition. The 
rear screen also emits photoelectrons toward the film and retrodiffuses some 
of the photons, and also electrons liberated by the front screen. The efficiency 
of these metallic screens is still low, and their use in flash radiography is 
possible only when radiation doses are sufficiently high, which is quite rare 
with present-day machines. 

Fluorescent screens contain substances which become luminescent under 
the action of X-photons. The substance most often used at present is calcium 
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tungstate, where fluorescence is centered in the blue (about 430 nm) and is 
thus very actinic. Screens which have more recently appeared on the market, 
seemingly very interesting, use rare earths (particularly yttrium). The lumine- 
scent substance is finely ground and suspended in a conditioned plastic 
binder, then inserted as a thin layer between protective supports. To improve 
the efficiency of the system, the photosensitive film generally has an emulsion 
on each side and is sandwiched between two fluorescent screens. On the 
outer face, these screens are often fitted with a thin aluminum foil which 
is transparent to X-ray photons but reflects the photons from the lumine- 
scence towards the film. The nature of the sensitive emulsion must be 
adapted to the luminous spectrum emitted by the screen. 

The response in optical density of the screen—film assembly to radiation is 
generally given by a characteristic curve similar to that shown in Figure X.40. 
This reception system is used as far as possible in the range where the optical 
density D—defined as the logarithm to the base 10 of the ratio of incident 
light intensity to the intensity transmitted through the developed film— 
varies linearly as a function of the dose of radiation received (J - t). For a given 
variation in the dose received, the contrast obtained is better the higher 
the proportionality coefficient (contrast factor). However, when this factor 
increases, the recording dynamics generally decrease. Apart from the two 
factors mentioned (contrast and dynamics), the “speed” of the system must 
also be considered, i.e., the reciprocal of the minimum exposure time neces- 
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Figure X.40. Characteristic response curve of a screen—film assembly to X-radiation. 
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sary to achieve a plate with a given radiation intensity: it is higher as the 
sensitivity of the film is higher. 

In fact, the response curve of a detection system—and thus its “speed” 
and contrast factor—depends on the energy of the incident X-ray photons. 
The screen—film assembly must be adapted to the object radiographed, to 
the available dose of radiation, and also to the X-ray spectrum delivered by 
the generator. 

Another factor which affects the quality of the plate obtained is the intrin- 
sic fuzziness of the recording. This fuzziness is due to several different factors: 
the grain of the films, the grain of the screens, and the diffusion of photons in 
the thickness of the screens. As a very general rule, this fuzziness is generally 
more marked when the system “speed” is high. The user must seek a com- 
promise between minimum sensitivity needed for recording and maximum 
permissible fuzziness. Although several authors have made systematic com- 
parisons between different assemblies of screens and films [7], the choice for 
the experimenter is purely empirical among the continually increasing diver- 
sity of products commercially available. Preliminary trials on static models 
can be made in order to define the system giving the best results with a given 
radiographic generator for the class of objects studied. 


(b) Cassettes and Shielding 


It has been shown above that, to reduce geometric fuzziness, the detection 
system must be placed as close as possible to the object radiographed, but 
without damage to the developed plate from secondary effects of the detonic 
experiments: blast and splinters. 

One approach to this problem is to interpose between the object and 
the radiographic cassette—which contains and presses together screens and 
film—layers of protective material to deflect or arrest the splinters, as well 
as a large metallic shield (pierced with a window the size of the plate) to 
reduce the blast effects. Figure X.41 shows such a device. Protection against 
splinters, generally achieved by an assembly of metallic plates or cones, must 
be optimized to minimize the absorbed radiation dose: use of light metals or 
plastics with high perforation resistance and shape modifications. 

Another possibility for protecting the plate is to use a very light cassette 
which will move with the explosive blast. This “flying cassette” technique 
usually permits the use of a smaller shield, since this is no longer an immov- 
able wall receiving the splinters, but moves with them. The main difficulty 
with the cassette is the contradictory requirements of lightness and solidity 
(to ensure the necessary protection of the exposed film against shocks). 

As a general rule, protection of the plate against these destructive effects is 
one of the most serious practical problems encountered when using flash 
radiography for detonic experiments. The practical knowledge of the experi- 
menter in this field is a major factor in obtaining high quality results. 
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Figure X.41. Protection of a radiographic cassette by massive shield. 


(c) Scintillators 


Another recording technique, linking a scintillator with an electronic camera, 
has a priori the great advantage of overcoming this protection problem. In 
fact, only the X-ray photon to optical photon converter remains close to the 
object radiographed, being destroyed in the experiment. The electronic cam- 
era records from a distance the optical image created by the X-ray flash on 
the scintillator. Figure X.42 shows this device. The luminous efficiency of the 
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Figure X.42. Recording of radiographic image with scintillator and electronic camera. 


3. Radiographic Techniques 283 


system (mirror and camera) which recaptures the image is very low compared 
to that of a film plated against a screen. To record a sufficiently bright image, 
it is essential to use an electronic camera fitted with a brilliance amplifier 
(see §1.3(b)). Unfortunately, the image definition obtainable with this type of 
camera is limited compared to that obtainable with a screen—film assembly. 
Use of this technique is thus restricted to some specialized needs, such as 
cineradiography. 


(d) Cineradiography (Images and Slit) 


As with optical observations, it is often valuable in radiography to be able to 
track phenomena. For this purpose it is possible to carry out several identical 
experiments by taking radiographic plates at different instants. This method, 
which requires multiple experiments, has limitations because of problems of 
reproducibility of the phenomena and of the framing. For this reason it is 
usually preferable to be able to track these changes in a single experiment by 
use of true cineradiography, either with integral images or by slit scanning. 
When the object studied has an axis of revolution, several flash radiography 
tubes can be used, directed at different incidences perpendicular to the axis of 
revolution. These tubes are then activated at successive instants, reception 
being ensured by a different radiographic cassette for each tube. Collimation 
of different beams avoids interference between the different emission recep- 
tion assemblies. Figure X.43 shows such a device. 

The major limitation of this method, apart from its restriction to objects 
with an axis of revolution, is that it requires as many flash radiographic 
generators as framing instants required per experiment. It is thus almost 
impossible to operate with powerful radiographic machines. Another method 
which does not have these limitations uses linear accelerators (see §3.1(b)) 
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Figure X.43. Cineradiography system by multiple X-ray tubes. 
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which can deliver several powerful X-ray flashes at very short time intervals 
(from several hundred nanoseconds to a few microseconds). In this case, 
reception cannot be ensured by a screen-film cassette, on which the different 
images are superimposed. The reception system with scintillator and elec- 
tronic camera shown above (see Fig. X.42) is therefore used. Images are 
separated by very brief exposure times of the electronic camera and very 
weak remanence (after-imagery) of the chosen scintillator. The definition can 
be improved by using one electronic camera for each recorded image. 
Another option offered by linear accelerators, because of their long pulse 
duration (several microseconds), is slit scanning cineradiography. This tech- 
nique is similar to the slit scanning cinematography discussed in §1.3. The 
object studied is radiographed along an analysis slit, while an electronic 
camera scans the radiographic image of this slit as a function of time. Then 
the whole object is usually irradiated using a long-duration X-ray flash 
produced by the accelerator. The observation strip is provided by a linear 
scintillator strip placed behind the object in the direction to be observed, the 
slit scanning electronic camera (see §1.3(b)) recapturing the scintillator image. 


(e) Collimators, Filters, and Penetrameters 


Apart from geometric fuzziness and intrinsic recording fuzziness already 
noted, there is a third type of fuzziness affecting the definition of radiographic 
images: diffusion fuzziness. Figure X.44 shows how this effect damages the 
image. Every point I of the recording simultaneously receives X-radiation 
which is directly transmitted from the source through the object, which forms 
the radiographic image, and X-radiation diffused onto different points of the 
object or onto the walls of the firing chamber (basically by the Compton 
effect). 
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Figure X.44. Diffusion fuzziness in radiography. 
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Figure X.45. Reduction of diffusion fuzziness by collimation. 


The use of collimators is the first way of reducing the importance of this 
fault. A collimator is usually formed from a massive block of a material with 
high atomic number (which is very absorbent of radiation) pierced with one 
or more holes of modified shape. Collimation can be achieved at two levels, 
as shown in Figure X.45: 


e between the source and the object, it limits divergence of the beam and 
can eliminate rays diffused by the walls or by objects other than the one 
under investigation; and 

e between the object and the recording, it permits, in certain zones of interest 
in the image, suppression of the diffused radiation generated in the object 
outside a limited solid angle around the direct incident direction. 


This last mode of collimation is usually the most efficient, but does have the 
disadvantage of reducing the extent of the observable range on the object 

Another way of controlling diffused radiation is by the use of filters to 
eliminate the lowest energy components of the spectrum. Such a filter is made 
from a thin foil of a high atomic number metal (usually lead). This filter can 
be placed upstream or downstream of the object. If placed upstream, it in- 
creases the ratio between the energy of the directly transmitted photons and 
that of the diffused photons, since Compton diffusion absorbs a larger pro- 
portion of the energy of the incident photons if they are of higher energy. If 
placed downstream the filter acts differently, by preferential absorption of the 
diffused photons which are of lower energy than the transmitted photons. 
However, these filters have the major disadvantage of reducing the radiation 
dose available for recording. They are rarely used in flash radiography, where 
it is very unusual to have an excessive incident dose. 

Finally, a third way to improve experiments is to use a penetrameter which 
permits “individual” calibration of the recording in the surface mass pene- 
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Figure X.46. Step penetrameter and optical density calibration curve. 
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trated. In fact, it is very difficult in flash radiography to measure the exact 
emitted radiation dose and the spectrum of this radiation, since functioning 
of the generator 1s not perfectly reproducible from one X-ray flash to another. 
Furthermore, calibration of the detection system response as a function of 
the dose and of the spectrum received 1s very difficult, and can fluctuate 
according to the plate development conditions. It is therefore impossible in 
practice to make a theoretical link between optical density on the film and 
surface mass of the material penetrated by the radiation. For practical cali- 
bration, a penetrameter made of different thicknesses of the material of which 
the object is made, and covering the range of surface masses penetrated, 1s 
radiographed alongside the object studied. The device most often used is the 
step penetrameter as shown in Figure X.46. 

Step thicknesses are generally arranged in geometric progression, in 
accordance with the shape of the detection system response. This pene- 
trameter must be placed as close as possible to the object so that the 
radiation it receives is approximately the same, in both dose and spectrum. 
Examination with a densitometer can then determine the calibration curve 
for optical density of the film as a function of the surface masses of the 
material penetrated (Fig. X.46). 


3.3. Plate Processing Techniques 


Flash radiography can be used, as high-speed cinematography is frequently 
used, to track the global evolution of internal phenomena in the experimental 
assembly, inaccessible by other methods. But being limited to this type of use 
would mean failing to recognize the wealth of information contained in a 
radiographic plate, which includes: spatial information on the instantaneous 
shapes and positions of interfaces and shock waves (which are detectable by 
the marked variations in density which accompany them), and also informa- 
tion on the surface masses penetrated at each point from the local optical 
density values of the plate by a suitable calibration. The complexity in ex- 
tracting and exploiting such information has led to increasing use of digital 
image processing, in which there have been considerable developments in 
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recent years. Description of the numerous and often complex mathematical 
techniques used to analyze two-dimensional image signals is largely outside 
the scope of this work. Only the principal experimental tools they offer to 
experimenters in connection with flash radiography plates will be noted here. 
It will also be seen that, as well as possibilities for improving and restoring 
images and for automated extraction of contours and shapes, these tech- 
niques even allow, under certain conditions, the use of two-dimensional in- 
formation in radiographic plates to obtain three-dimensional information on 
the instantaneous density at every point of the object, which is particularly 
valuable in detonic experiments. 


(a) Data Acquisition 


Depending on the ultimate purpose, a wide range of equipment can be used 
to extract relevant data from radiographic plates. 

If simple exploitation of spatial data is all that is sought, optical magnifi- 
cation techniques of the profile projector type, which project without distor- 
tion, are often used. Such machines generally allow close positioning (to 
several microns) of the points chosen visually by the operator. The digital 
coordinates of these points are recorded for subsequent data processing. 

However, to exploit the local optical densities of the plates, a micro- 
densitometer must be used. This equipment has a very stable light source, 
diaphragmed to a fine pencil of light, linked to a precise and sensitive photo- 
detector (photomultiplier or photodiode). The light intensity transmitted 
through the plate is therefore measured through a very small observation 
window, allowing the optical density to be found. A table which can be 
moved in two orthogonal directions allows the plate to be moved under the 
reading head for very precise determination of the coordinates of the point 
measured. 

If digital processing of the image is required, equipment for digitizing the 
plates is used. Such a machine functions as a microdensitometer, but the 
plate is moved under the reading head mechanically for line-by-line scanning. 
A sampling device, at a certain number of points per line at constant advance 
intervals, obtains information about the optical density, which is digitally 
coded. Sampling steps in the lines are usually equal to the steps separating 
the lines, the window for measuring optical density being a square of the 
same dimension. The average value of the optical density on the surface is 
thus allocated to an elementary square of the image sample or pixel (picture 
cell). A matrix is formed by the digitization process, with line number n and 
column number j, when the size of the digitization step 1s known; this gives 
the position of the pixel on the plate, while element D! represents the average 
optical density of this pixel. Subsequent digital processing is carried out on 
this matrix. Current high-performance equipment can digitize a plate for 
1024 x 1024 samples with a step of the order of ten microns and coding of 
the optical density on eleven bits (2048 levels). The huge amount of data to 
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be handled by the image processing programs, the memory capacities, and 
the calculations required, can be imagined. 


(b) Preliminary Processing of Numerical Images 


Starting with a digitized image, a certain amount of preliminary processing 
can be performed [16], [23], both to improve legibility and to correct faults 
inherent in the shooting technique. The first process, which is simple to oper- 
ate, is to reinforce the contrast in a plate when it is too faint. For this 
purpose, it is sufficient to modify the optical density value at each pixel by 
applying one-to-one mapping between values before and after processing, to 
increase the dynamics for the plate assembly or for a chosen range of values. 
The image thus processed is then viewed on a video screen. In this way the 
operator can improve the legibility of certain details and thus facilitate later 
visual examination of the points. It is possible, for the same purpose, to 
change a monochromatic image into a false-colored image by allocating a 
color to each range of optical density values. Each pixel is thus colored 
according to the corresponding optical density, and the image thus created 
viewed on a color video monitor. 

A second process aims at reducing background noise in the image due to 
the recording system (grain of films and of screens). Appropriate methods 
depend on the observation that noise shows a spectrum of spatial frequencies 
that are higher than the other components of the image because it is not 
spatially correlated. One method of reducing the effect of these high fre- 
quency components is to weight the optical density value for each pixel 
according to the values for its nearest neighbors. For this purpose, the optical 
density value for each pixel is replaced either by the arithmetic mean of the 
optical densities of the pixel itself and the eight pixels around it, or by a 
barycentric mean, calculated from these same values by weighting each of 
them with a position coefficient relative to the central pixel. Another method, 
which is rather more laborious, 1s to perform a two-dimensional Fourier 
transform of the image to decompose it into its spatial frequencies spectrum. 
This Fourier transform is then treated with a low-pass numerical filter to 
eliminate high spatial frequency components. The inverse Fourier transform 
then restores an image with improved signal-to-noise ratio, and conse- 
quently, as well as improving the visual quality of the image, makes it pos- 
sible to increase the precision of subsequent restoration or reconstruction of 
density, which are usually sensitive to noise. 

A third type of preliminary process, of value for some flash radiographic 
plates, is to reduce the geometric fuzziness linked to the extent of the focal 
spot of the generator (see §3.1). For this purpose, it is necessary to model the 
emission of the source considered as a plane image. By working with illumi- 
nation instead of optical density—then it is necessary to know the recording 
system response—it can be shown that the real image of the object is the 
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product of the convolution of the “clean” image of the object by an image 
called “source-image.” 


Real image = “clean” image x source-image. 


If a model of the source-image is defined, the experimental image can be 
deconvoluted to obtain an expression close to the clean image of the object. 
This deconvolution can be made by the Fourier transform (designated here 
as FT): 


FT (real image) = FT (“clean” image) x FT (source-image), 
“Clean” image = FT~' {FT (real image)/FT (source-image)}. 


It is also possible to use iteration. The simplest method is to presume a “clean” 
image which is then convoluted by the source-image [26]. If this last image 1s 
subtracted from the experimental image, an error image is obtained. The 
presumed “clean” image is then corrected by this error image to give a new 
presumed “clean” image, and this is then used for further iteration. For low 
spatial frequencies, the method converges towards the “clean” image. The 
information corresponding to the highest frequencies cannot be restored, as 
it has been swamped by the fuzziness in the background noise of the real 
image. The fuzziness reduction thus obtained is greater in proportion to 
source modeling precision and low background noise of the real image. 

Finally, processing of digitized images offers a wide range of practical 
options which can facilitate subsequent examination processes: recentering, 
enlargement or reduction, symmetrization about an axis, subtraction of the 
image from a superimposed object (protection, flange, etc.), trimming of the 
useful zone, etc. 


(c) Extraction of Contours 


To find the position of a contour corresponding to the projection on the 
film plane of a surface of discontinuity (material interface or shock wave or 
detonation wave), the zone having a high optical density gradient, which is 
linked to this discontinuity, is sought. This examination may be purely visual, 
using the sensitivity of the eye to different shades of grey to find the points 
directly from the original plate. It can also be completely automated with the 
use of a program to handle the digitized image which searches for the maxi- 
mum density gradient points by differentiation (first or second derivative), 
and then interpolates a contour between these points. However, experience 
shows that this type of program is very difficult to use on an image affected 
by the imperfections that are to be found on most flash radiographic plates. 
The solution which gives the best results is generally an interactive examina- 
tion technique in which, with the help of programs for reinforcing contrast or 
for false-color restitution, an operator defines the general form of the contour 
by a few plottings. The program is used to find maximum gradients between 
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points and to smooth the resulting contour. The operator then inspects this 
contour visually to ensure that the program has not followed steep gradient 
zones which are not linked to the discontinuity sought (using expected con- 
tour shape and regularity as criteria). The precision of this type of examina- 
tion is essentially limited by the residual fuzziness of the image (possibly after 
preliminary processing). 


(d) Density Measurements, Tomography 


It has been shown above (see §3.2(d))that calibration of a radiographic plate, 
with a penetrameter made of the same material as the object and suitably 
arranged, will allow correspondence of each optical density value to the value 
of the surface mass { p dx penetrated by the radiation between the source and 
the image point under consideration. By applying the transfer function re- 
sulting from this calibration to the digital image of the optical densities, it can 
be transformed into the image of the surface masses penetrated on the object. 

When density 1s uniform along a radiation propagation direction—which 
is, for example, the case for one-dimensional plane flow radiographed per- 
pendicular to the flow direction—then if the thickness of the object pene- 
trated by the radiation is known, either a priori or by another observation 
at 2/2 from the first, the value of the density in this direction can be calcu- 
lated from the surface mass penetrated. Unfortunately, such a case is very 
rare in detonic experiments and usually the measured surface mass gives 
information on the density of the object, integrated along the projection di- 
rection. To extract the essential information, which is the local value of the 
density in the object, it is necessary to use a derivative method: tomography. 

A first instance which 1s particularly simple, and fortunately also very 
common, is when the object has a symmetry axis. By taking the radiograph 
perpendicular to this axis, an image is obtained which has a symmetry axis. 
Cutting this image by a straight line perpendicular to this axis then corre- 
sponds to the projection of a section of the object following a plane perpen- 
dicular to its axis of rotation as shown in Figure X.47. In this section of 
the object, because of the rotational symmetry, the local density p depends 
only on the distance r from the axis. These density values can be made 
discrete as a function of r by a step 7, identical to that used for sampling the 
image, in the corresponding section (see Fig. X.48). Every pixel of the image 
section is associated with a surface mass oa, linked to the densities p, in the 
different samples of the section by the linear relation 


where the coefficient 7), corresponding to the layer thickness j of the object 
penetrated by the radiation arriving on pixel n, can be easily determined, if 
the layer radius r and the distance of the pixel from the symmetry axis 7 are 
known. It is then sufficient to invert the triangular matrix [7] to determine 
the local density p as a function of the surface mass penetrated oc. By per- 
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Figure X.47. Radiograph of an axisymmetric object in a direction perpendicular to its 
axis. 


forming this operation for all the sections perpendicular to the symmetry 
axis, a complete map of the object densities can be constructed. 

In the general case where the object does not possess rotational symmetry, 
a single radiograph will not be enough for tomographic reconstruction since 
an infinity of different objects can have the same radiographic image. Several 
radiographs of the same object must therefore be taken at the same instant, 
but from different angles. In fact, in flash radiography, identical experimental 
assemblies are generally used, which are fired successively in front of the same 
generator activated at the same instant, but oriented along different axes. 
These different plates are generally taken perpendicular to one and the same 
axis of the object, which is chosen arbitrarily and called the tomographic 
axis. The three-dimensional object can then be considered as a stack of two- 
dimensional layers, with projection being made in different directions. Figure 
X.49 shows such an arrangement. This technique is the same as that used 
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Figure X.48. Density discretization in the object section. 
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Figure X.49. Radiographs of the same object taken at different angles perpendicular 
to the same axis. 


in industrial and medical tomography. It allows the problem of three- 
dimensional reconstruction to be simplified to a two-dimensional problem. 
Radon [24] has shown that, starting from a knowledge of all the projections 
taken at different angles, it is possible to go back to the two-dimensional 
function—1integrated by the projection operation—as shown in Figure X.50. 
In the present case, the two-dimensional function is the density p(r, w) in a 
tomographic section of the object, and the projection is the surface mass 
penetrated at a distance 7 from the tomographic axis for a plate oriented at 
angle i: a(/, i). 

Radon’s formula [24] gives the exact solution to the tomographic 


problem 
—1("7(*° 1. de(Z, i) 
mW as | | apy oe ee 


but only when radiographic projections are known for all angles. But in flash 
radiography it is not easy to multiply the number of plates because of the 
extra cost and time required. The reconstruction problem is thus one of 
insufficient information because of the limited number of projections (usually 
less than ten). Only an approximate solution can be found whose precision 
basically depends on the number and quality of the recordings made. 
Different methods of tomographic reconstruction are available, the two most 
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Figure X.50. Correspondence between object section and image section. 


widely used being the convolution method and the Algebraic Reconstruction 
Technique (A.R.T.). 

The convolution method is an approximate resolution technique based on 
Radon’s formula in which each projection is treated by a filter—which is the 
inverse Fourier transform of the module in the spatial frequencies plane— 
followed by integration of the convolution products obtained at different 
projection angles i. It can be shown that the result is equivalent to Radon’s 
formula for continuous integration over i. The approximation obtained when 
only a limited number of projections are taken results from the integration 
error arising from the discrete values i,. It may be noted that this method, 
which is that generally used in medical tomography, can be applied in the 
case of one radiograph for an object which has rotational symmetry. In fact, 
the projections of such an object perpendicular to its symmetry axis are all 
identical, and as many projection angles i, can be inserted into the resolution 
method as are needed for the integration precision required. 

The A.R.T. (Algebraic Reconstruction Technique) method does not make 
use of Radon’s formula. It is an iterative solution technique in which an 
arbitrary density distribution is made on a grid covering the section of the 
object studied, its projection in terms of surface mass at the angle of the first 
shot then being calculated. This calculated value is compared at each point 
with the experimental value, and the field density then corrected so that the 
mass penetrated by each ray corresponds to the measured penetrated mass. 
This correction may be additive (by adding or subtracting the same mass to 
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the cells of the grid traversed by each ray), or multiplicative (when the den- 
sities of these cells are multiplied by the same coefficient). This new calculated 
density field is then used for the second projection, then for all the other 
projections. This iterative method is used until there is convergence to an 
approximate solution of the problem. 

This last technique generally gives better results than the convolution 
method when the number of projections is very small. 

It is probable that tomography, whose application to flash radiography 
is very recent, will soon become a widely used analytical tool for detonic 
experiments and for the study of complex flows which are difficult to access 
by other methods. It has already become a very valuable measuring tech- 
nique, instead of being just a means of observation. 


4. Stress Generators 


This review of experimental methods concludes with a description of the 
devices which are at the base of all detonic experiments: stress generators. 
All these systems have the common characteristic of delivering a very high 
energy in a very short time onto the sample of the explosive studied. The 
principal differences between the different generators are in the primary 
energy source (electrical, mechanical, chemical, etc.), in the mode of transmit- 
ting the energy to the sample (projectile impact, shock wave transmission, 
etc.), and finally in the time and space distribution of this deposit of energy. 
Details follow of two categories currently used: explosive generators and 
launchers, with other stress generators deliberately being left to one side, 
such as those with lasers, ion beams, and electron beams, since their use in 
detonics is infrequent. 


4.1. Explosive Generators 


These various generators all use energy released from detonation of a solid 
explosive. They include simple detonators, which provoke quasi-punctual 
priming for detonation in the sample studied, and also wave conformators, 
which exploit the geometric properties of detonation propagation, wave 
transmission between adjacent media or projection of a “liner” in order 


to transform this quasi-punctual priming into priming distributed over a 
surface. 


(a) Detonators 


Among the “pyrotechnic artifices” used to prime the detonation of solid 
explosives—called detonators—only electric devices prove to be practically 
synchronizable with high-speed measuring equipment. 


In the hot wire device, passage of an electric current through a filament 
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Figure X.51. Cross section of exploding bridgewire detonator. 


embedded in a “primary” explosive compound, releases heat in it by the Joule 
effect, thus priming its decomposition; while a second explosive substance, 
which is less sensitive but more powerful, acts as a relay to transmit the stress 
to the explosive sample studied. According to the mode of heating, function- 
ing times can vary from several milliseconds to several tens of microseconds, 
so dispersion is considerable and safety in use low (a few milliJoules of static 
electricity can trigger them). The exploding bridgewire device aims to remedy 
some of the problems encountered with the previous method. It is composed 
(see Fig. X.51) of an insulating base supporting two power pins connected 
on the inner side by a very fine metallic wire (with a diameter of about 
one hundred microns and a length from one to several millimeters). The 
containment cylinder—usually metallic—fitted to this base is filled with 
a “secondary” priming explosive compound, usually fine granular PETN, 
which will not be detonated by simple conductance heating. The detonation 
regime is then achieved as follows. As a result of the rapid discharge of 
a capacitive circuit between the pins, the wire is adiabatically heated by 
the Joule effect, which leads to its almost instantaneous vaporization; the 
consequent release of this metallic vapor at very high initial density creates 
a divergent shock wave which induces the detonation of the priming explo- 
sive compound; the insulating base and the containment wall promote the 
transfer of the detonation to the main charge. This mode of operation needs 
development in the wire of a current of more than several hundred amperes. 
A high operating speed is obtained by a high voltage at the terminals of the 
firing unit capacity (usually several kilovolts) and by a low self-inductance in 
the power supply circuit (discharge pulse transferred by coaxial cable); the 
total operating time of the detonator is less than a few microseconds, thus 
reducing the dispersion time to several tens of nanoseconds. The priming 
surface with such a detonator is usually of the order of one square centimeter, 
which, considering the scale of the explosive assemblies studied, can usually 
be considered as point firing. Operational security with an exploding bridge- 
wire detonator requires the exclusive use of “secondary” explosives and a 
high pulsed voltage for nominal functioning. 
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(b) Plane Wave Generators 


The majority of experiments for the dynamic characterization of explosives 
are carried out in a one-dimensional plane configuration. It will be seen later 
that launchers usually produce effective plane shock waves. However, their 
caliber is often low and operation can be problematic, particularly with ex- 
plosive charges, because of the need to protect the equipment against the 
destructive effects. For this reason, explosive devices called plane wave gener- 
ators were developed at an early stage, which, upon point priming by a 
detonator, generate a shock with nice planarity over a significant area. 

The most up-to-date device is the “plane wave cone” (see Fig. X.52) which 
uses the difference between the detonation velocities of two explosives, one 
explosive with a lower value D, forming a conical core and another explosive 
with a higher value D, forming a shell around this cone. If the half-angle « at 
the peak of the cone is such that sin « = D,/D,, then priming of the fast 
exploding shell at its tip by a detonator will induce a plane detonation wave 
in the slow explosive core. At the base of the cone, this plane wave is trans- 
mitted to a cylinder of “reinforcing” fast explosive. The surface covered by the 
plane wave only depends on the cone height and can thus be very large. The 
error in synchronization for the wave emerging on the downstream face of 
the reinforcing cylinder is usually several tens of nanoseconds, and shows 
axial symmetry. This generator is very simple to operate but has two draw- 
backs: the shock which it delivers is not sustained—because of the expansion 
of detonation products—and its intensity cannot be controlled. One way to 
reduce these problems is to use the plane wave cone as a projectile launcher, 
by using the shock accumulation mechanism: a metal plate (or stack of 
plates) is placed in contact with the reinforcing cylinder, leaving a sufficient 
space between this plate and the sample studied so that the flying plate can 
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Figure X.52. Cross section of “plane wave cone.” 
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Figure X.53. Principle of a plane wave generator with projected plate; cross section of 
the device when functioning. 


attain its maximum velocity. By altering the thicknesses of the plate and the 
reinforcing cylinder, or by altering the shock impedance of the material, one 
may vary the intensity of the sustained plane shock which is induced in the 
sample by the flyer. 

Another plane wave generator device, very often used in explosive dy- 
namic characterization experiments, uses projection of a plate by an explo- 
sive: a thin metallic plate is projected by an explosive block which is primed 
in such a way that a plane detonation wave is propagated within the block 
perpendicular to this plate. Figure X.53 shows the principle of such a genera- 
tor. Priming of the explosive prism is generally provided by a linear wave 
generator (see §4.1(c)). After an acceleration phase, the plate becomes effec- 
tively flat again, while taking a direction which makes a constant angle « with 
its initial position. The sample being studied is set so as to form, with this 
plate when at rest, a dihedron of the same angle a. Impact of the plate thus 
creates a sustained plane shock therein. The projection speeds obtained in 
this way are appreciably lower than those obtained by direct projection, and 
this generator produces a range of shock pressures which are definitely less 
than those obtainable with the plane wave cone. 


(c) Other Wave Shapers 


In order to study the influence of the wave front shape on detonation, several 
different wave shapers have been used, which induce different detonation 
wave shapes after point priming. Only the more common types will be 
described here. 

To obtain priming along a line, the same mechanism as that used for 
the plane wave cone (§4.1(b)) can be used, by taking advantage of the differ- 
ence between the detonation velocities of two explosives. A linear generator 
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Figure X.54. Linear wave generator with explosive sheet. 


can thus be constructed with a thin section of a plane wave cone cut along its 
plane of symmetry. The same principle can also be applied to flexible explo- 
sive sheets as shown in Figure X.54; the fast explosive 1s cut into strips which 
are stuck onto the slow explosive sheet. (N.B. Because of the flexibility of the 
explosive leaf, this device also allows priming along a nonrectilinear arc.) 
Another way of obtaining linear priming is to alter the distances covered by 
the detonation wave, starting at the priming point, in a thin explosive sheet, 
using the configuration given to this assembly. The simplest way to achieve 
this is to use a conic sector next to a plate as shown in Figure X.55. By 
inclining the plane in relation to the cone’s axis at an angle equal to the 
half-angle at the top, all the paths OAB, OA’B’, etc., taken by the detonation 
wave between the detonator and the priming line, can be equalized. 

To generate a conical wave, the plate projection mechanism is used, as for 
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Figure X.55. Linear wave generator by cone—plane intersection. 
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Figure X.56. Principle of a conical wave generator. 


the plane wave generator shown in §4.1(b). Figure X.56 shows the operating 
principle. A thin conical plate of explosive projects a metallic interior liner on 
to the sample, which is also conical. The device is constructed so that, after 
projection, the liner forms a cone with the same angle at the top as the 
sample, and thus synchronizes an impact which creates a conical detonation 
wave. The priming of the explosive which causes projection is achieved on a 
crown by an explosive disc which itself is primed at the center. A thick plate 
placed under this disc protects the tip of the sample from premature priming. 
The angle at the top of the conical wave induced by this type of generator can 
be altered by altering the angle of the explosive cone which causes projection, 
its thickness and that of the metallic liner. One of the advantages of this type 
of generator is that it can lead to strong detonation configurations, because 
of the convergence effect [6]. 

In principle, it is very simple to obtain a divergent spherical wave, since it 
is sufficient to prime a sphere of explosive at its center point. However, in 
practice, since detonators are not of infinitely small size and because the 
priming caused by them is strongly directive, a detonation wave generated by 
central priming will not be truly spherical until the radius is sufficiently large 
(several centimeters). An ingenious technique [10] allows a smaller radius: 
two detonators are arranged face to face, at opposite ends of an axis going 
through the center of the sphere, at a distance of the order of twice the depth 
necessary for detonator priming. 


4.2. Launchers 


Launchers are used to send a projectile, usually metallic, at high velocity 
onto the explosive sample, which, on impact, induces a shock (usually 
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planar). Their principal advantages, compared to plane wave explosive gen- 
erators, are that they usually produce more effective plane shock waves and 
it is much easier to control the pressure and duration of the induced shock. 
The existence of different types of launchers allows coverage of a wide range 
of calibers (from a few millimeters bout 100 mm) and of projection velocities 
(from a few tens to several thousand meters per second). 


(a) Powder Launchers 


A powder launcher works in a similar manner to artillery weapons, the pro- 
jectile being propelled from a launching tube by the release of the gaseous 
combustion products of a powder. 

It differs, however, in lacking rifling in the barrel, in the simplicity of the 
charging and recoil absorption mechanisms, and in the general conception of 
the projectile. Figure X.57 shows the principle of such a launcher. 

The projectile 1s usually in the form of a hollow shoe of plastic material 
(nylon, teflon, rilsan, etc.) to reduce the weight projected. A truncated cone- 
shaped flange at the base of the shoe ensures gas tightness by friction with the 
launching barrel. The front face of the projectile is a flat metallic disc hooped 
to the shoe. The nature and thickness of the disc can be varied to modify the 
pressure and duration of the induced shock for a given launching velocity. In 
turn, the amount of powder allows the projection velocity to be adjusted for 
the given mass of projectile. The powder, encased in a cartridge, is ignited by 
an electrical igniter set on the screwed breech which closes the combustion 
chamber. The length of the launching barrel must be sufficient for the projec- 
tile to reach its maximum velocity at the level of the vents which, by remov- 
ing the gas pressure, permit constant velocity over the last few centimeters 
before impact. The target, equipped with instruments and containing the 
sample, is usually fixed directly at the mouth of the launcher. Before the 
experiment, the launching barrel is evacuated by a pumping system to pri- 
mary vacuum to reduce the precursors of compression on the target. Shock 
flatness 1s limited by the deformations in the front face of the projectile due 
to the very high accelerations in the initial launching phase. 

The caliber of such launchers is usually between 50 mm and 100 mm. The 
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Figure X.57. Principle of a powder launcher. 
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projection velocities attained vary from several tens of meters per second to 
about 2000 m/s. This last value is, in practice, the physical limit for the 
performance of such a launcher, whatever the mass of powder used or the 
length of the barrel, because of the low value of the maximum velocity of 
release into the vacuum of the combustion gases from the powder. If higher 
velocities are required, the projectile must be propelled by the release of a gas 
with much lower molecular weight (hydrogen, helium, air, argon). 


(b) Compressed Gas Launchers 


For these launchers the projectile, the launching tube and the target are al- 
most identical to those described above; but the propelling agent is not pro- 
vided by the combustion of a powder but by a reservoir of compressed gas 
under high pressure (see Fig. X.58) filled in a quasi-static way either by direct 
decanting from cylinders or by a pump. The propelling gas may be argon, air, 
helium, or hydrogen, according to the performance required. To keep the 
projectile in place during the slow filling phase, the high pressure enclosure of 
the launching tube is insulated by a mechanical device. The rapid opening of 
this device, once the filling pressure is reached, triggers release and thus 
launching. This insulating/triggering operation is ensured either by a fast 
opening valve or, more usually, by a prenotched diaphragm which bursts at a 
given filling pressure. 

The range of calibers and launching velocities with these launchers is 
very similar to that for powder launchers. The compressed gas system has the 
advantage of reducing the initial accelerations communicated to the projec- 
tile and thus the deformations of its front face, and therefore allowing better 
impact flatness. Although hydrogen or helium can be used, the performance 
of this type of launcher is limited by the technical feasibility of compression 
and quasi-static storage of the gas propellant. 
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Figure X.58. Principle of a compressed gas launcher. 
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Figure X.59. Operation of a light gas powder launcher. 


(c) Light Gas Powder Launchers 


A light gas powder launcher operates on similar principles to the two de- 
scribed above: a powder launcher compresses the light gas reservoir whose 
release propels the projectile. This method of compression allows very high 
initial pressures, and thus very high projection velocities, to be reached. 
Figure X.59 shows the method of operation. The compression tube for the 
first powder stage is initially filled with light gas (helium or hydrogen) at low 
pressure (a few bars). The piston, propelled into this tube by the powder 
charge, compresses this gas in front of it, the high-pressure reservoir thus 
formed being restrained by a prenotched diaphragm. When the pressure of 
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Figure X.60. Light gas powder launcher at Centre d’Etudes de Vaujours, Commis- 
sariat a Energie Atomique, France. 


the light gas reaches the chosen rupture value of the diaphragm, the light gas 
is released into the launching tube while propelling a projectile similar to 
those in the launchers described above. During this time the piston is stopped 
by plastic deformation in the extrusion die formed by the convergent. Be- 
cause of the elastic stresses transmitted by the tube assembly before the 
arrival of the projectile, the target may not be placed on the launching tube 
mouth, but is fixed on an independent support some distance away, inside a 
chamber pumped to primary vacuum at the same time as the launching tube. 

This type of launcher can project with very high velocities, 8,000—9,000 
m/s. The useful caliber is often rather limited by the size and weight of the 
mechanical parts needed to resist the enormous stresses developed, especially 
in the compression stage. The caliber is usually about 30 mm, but the 
launcher constructed at the Centre d’Etudes de Vaujours, Commissariat a 
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Figure X.61. Principle of an electric launcher with exploded foil. 


l’Energie Atomique, France, has a caliber of 80 mm for an overall length of 
57 m and a weight, not counting supports, of 52 metric tonnes. A photograph 
of this launcher is shown in Figure X.60. 


(d) Exploded Foil Launchers 


Exploded foil launchers are designed on a different principle from those 
above: the discharge of a capacitor bank causes the explosion of a thin metal 
foil which in turn projects another thin foil with which it is initially in con- 
tact. Figure X.61 shows this device. The exploded foil is usually a small 
copper or aluminum rectangle a few millimetres wide and a few tens of 
microns thick. The discharge current of the capacitor bank, storing several 
tens of kiloJoules at a voltage of a few tens of kilovolts, vaporizes the foil by 
the Joule effect. The release which follows this sudden vaporization acceler- 
ates the insulating projectile (mylar or kapton) placed on the foil. The cutting 
ring above and in contact with this foil removes the edges of the projectile, 
accelerating only a quasi-planar chip into the vent. The useful diameter of the 
projectile is only a few millimeters. A metal foil, a few tens of microns thick, 
may be placed in some cases on the front face of the insulating material to 
increase the induced shock pressure. 

The projection velocities obtained with this device vary from a few 
hundred meters per second to nearly 16 km/s. Because of its low cost and 
ease of operation, it is often used in current research into the priming of 
explosives. 
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CHAPTER XI 


Elementary Configurations 
of Simple Detonation 


1. Tradition: Good Points and Bad Points 


In all laboratories engaged in the characterization of explosives and the study 
of detonation phenomena, there is a long-standing tradition which prefers 
simple detonation “regimes” where waves are propagated by mere transla- 
tion with a permanent velocity D parallel to the direction i related to the 
location of the firing station. (N.B. The superscript p shows only, as in §II.3.3, 
that such propagation is endowed with a privileged plane direction which is 
normal to i; however, it must be borne in mind that referring to this regime 
as “plane” is only a widely accepted misuse.) But it is worth paying attention 
to such a persistent, widespread tradition, to find its good points ... and 
underline its bad points. 

The first reason is that such a regime is “naturally” established in a tube 
of liquid or gas explosive or in a stick of solid explosive, provided only that 
the tube or stick is sufficiently long and wide and that the stress on the 
priming section is sufficiently great and intense (see Chap. IX). It is therefore 
not by chance that this regime is the one which, having been observed for 
about one hundred years, has produced the concepts of explosive and deto- 
nation. . 

But the tradition could not have developed unless, to the experimental 
convenience of generating the regime, another factor was added which is just 
as important, that of justifying a velocity measurement whose precision 
depends only on those factors available for measuring the length and time of 
propagation (usually a precision of 0.2%, as noted in §I1.3.3). 

These two reasons amply justify the attention given to these regimes in 
experimental programmes, but they do not justify exclusive attention while 
neglecting all others, under the influence of simplistic ideas which are clearly 
false, but still widespread, that can be caricatured as follows: 


e the wave is plane; 
e the relative downstream flow of the wave is permanent; 
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e the transverse component of the velocity-vector is stationary on the axis; 
and 
e D? is the Chapman—Jouguet (C—J) velocity. 


The expositions in Chapters III and IX have treated these ideas fairly. 
However, to exorcize and discredit them completely in the minds of readers 
who may be still undecided, this chapter is designed to show—for axi- 
symmetric (Section 2) and spherical (Section 3) configurations—one re- 
gime where the established detonation is quasi C—J and another regime 
where it is strong, according to the priming conditions. The fourth and last 
section contains current considerations on the break of a built-up detonation 
in the medium adjacent to the explosive on a free boundary. The reader will 
thus be introduced to regimes which are geometrically and kinematically 
more complex. 


2. Axisymmetric Configurations 


2.1. Traditional Regime 


In principle, if not in practical details, the experimental device resulting in the 
traditional regime discussed above in Section XI.1 hardly varies from one 
laboratory to another: 


e a priming system is embedded in the end of the tube or stick of diameter ¢; 

e observations are made for propagation distances X greater than the run to 
detonation X* (as a general rule, X* is estimated to be less than 44); 

e in the simplest version, the velocity D? is measured by a slit scanning 
optical technique along a generatrix (see Section X.1) and/or by an elec- 
tronic technique (see Section X.2); 

e in a better equipped version, as well as the preceding measurement, the 
shape of the detonation wave is measured by a slit scanning optical tech- 
nique for a diameter of the face of the tube (or stick) opposite the priming 
face; and | 

e in the fully equipped version, the shock propagation is measured in a 
known medium, placed in contact with the detonation output face. 


Figures XI.1 and XI.2, referring to the works of Aveilleé et al. [1], illustrate the 
last case, with regard to the solid explosives comp. X/X, and comp. T/T,, 
referred to in Tables XI.1 and XI.2. The information given below indicates 
the layouts used and the values measured. 


Samples 


The samples are obtained by isostatic moulding and machining. The quality 
of the stick faces (0.01 mm) allows assembly and centering without the use of 
an adhesive matrix. All the sticks in a stack have the same density, within 
0.002 g/cm?. 
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or 


Plane wave Stack of explosive sticks Plexiglass 
generator (height H in mm) discs 


Toward 
camera 


Figure XI.1. Diagram showing solid explosive assembly for measuring the velocity 
and shape of detonation waves in the traditional regime (¢ = 5O mm). The stack of 
plexiglass discs at the end of the structure is used to measure the induced shock 
velocity. 


Electronic Measurements 


The travel of the wave along the axis is tracked by passive probes (see Fig. 
XI.1), containing printed circuits, arranged at 120° on a flexible mylar insu- 
lated support 0.08 mm thick, operating by ionization. They are inserted at the 
stick interfaces and each causes closure of a rapid discharge circuit. The 
pulses formed are led coaxially to a digital chronometer with 100 ps resolu- 
tion. 

Wave travel times are thus recorded at each interface. The difference in 
length between the measuring bases (second and third sticks with lengths of 
200 and 50 mm, respectively) allows for the disturbance caused by the probes: 
thus correcting the “joint effect” which causes a systematic error of about 
10 ns in the transit time. 


50mm 


DETONATION FRONT 


Measurement of celerity U of transmitted 
shock in reference body 


Figure XI.2. Recording on the film of a slit scanning camera during the detonation of 
the assembly shown in Figure XI.1. 
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For high values of ¢ (100 mm and 200 mm) the output face is fitted with 
optical fibers and coaxial microcontacts arranged in order along two perpen- 
dicular diameters. 


Optical measurements 


The emergence of detonation on the terminal face of the stack is observed by 
air ionization chambers (see §X.2.1) where the signals are recorded on the film 
of a slit scanning camera (see Fig. XI.2). These recordings are of interest for 
two reasons: 


e they show that the wave is concave towards the detonation products, and 
is thus quasi C—J by nature (see §III.4.2); and 

e they allow the wave axial curvature 1/R; to be estimated (curvature of the 
best circular approximation of the trace portion between — ¢/4 and + ¢/4.) 


Results 


For experiments made with 50 mm diameter, linear smoothing of the velocity 
measurements as a function of density gives a value denoted as D8, and a 
value of 06D8,/0p> for a nominal value of the density p, (see Table XI. 1). 


Table XI.1. Typical results of the traditional 
characterization of a solid explosive. 


Po g/cm? 1.822 1.880 


@D8,/dp5 46+0.1 28+03 
m:s */g-cm™? 


[1] 8789 + 10 7715 
DF, m/s 
[2] 7737 + 15 


From experiments carried out at nominal density but with another diame- 
ter, the variation of D? and R;/¢ can be found as a function of ¢ (or 1/d). The 
results obtained (see Fig. XI.3(a) and (b)) show the weakness of the tradi- 
tional approach (see §I1.3.3) in which D? varies linearly with 1/¢ on one hand, 
while R; and ¢ are in constant ratio on the other. They also show the danger 
in a hasty adoption of the approximation D, = D{, without previous knowl- 
edge of the amplitude of the variation of D? beyond ¢°. The last two lines of 
Table XI.1 give the values D®, obtained by second degree polynomial extra- 
polation for X/X, and by second and third degrees for T/T,. When using D®, 
(see §XII.1.6) it is necessary to note the uncertainty attached to the actual 
extrapolation. 
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Rx/O 


10 20 30 50 100 200 


Figure XI.3(a). Variation of R;/¢ with ¢ (after [1]). 


D’/DF, 1,02 


0 50 100 150 200 250 300 350 400 


Figure X1.3(b). Variation of D°®/D®, with 1/¢@ (after [2]). 


2.2. Lateral Priming Regime 


In terms of the boundary conditions, it can be said that the traditional experi- 
ment, recalled and discussed in §2.1, is characterized by a priming boundary 
occupying all or part of the entry face (of the tube or stick) while the lateral 
surface and the output face have free boundaries. 

What happens when this distribution between priming boundary and free 
boundaries is different? In particular, what happens if a stress progresses on 
the lateral surface with a constant velocity higher than the velocity D§ which 
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Detonator Brass tube 


Relay charge Nitromethane 
PVC plate Mylar sheets 
Duraluminum Plexiglass 
tube Astrolite — water window 


mixture 
Figure XI.4. Experimental device for the generation of a strong axisymmetric detona- 
tion in nitromethane (after [21]). Dimensions are given in millimeters. 


the detonation would have in the configuration of §2.1? This question was 
raised by Chéret [5], and partly answered by two series of experiments 
reported by Krishnan et al. [17], Sellam et al. [21], and Hamada et al. [15]. 

The principle in these experiments is to create the required stress by care- 
ful use of a “fast” explosive whose C—J velocity D‘, is greater than that D, of 
the explosive forming the principal “core” charge. Figure XI.4, taken from 
[21], shows the device obtained when the central tube is filled with commer- 
cial nitromethane and the annular tube is filled with astrolite in aqueous 
solution. The dimensions and materials used were obtained from preliminary 
research which showed that—when the tube is rather long compared to the 
thickness of the annular chamber—terminal propagation consists: 


e in the astrolite, of a quasi C—J “plane” detonation wave of velocity D’i; and 
e in the nitromethane, of a complex wave Q moving by translation with the 
same velocity. 


Simple adjustment of the concentration of the aqueous astrolite solution 
allows D’ to be varied between 7 mm/us and 8 mm/us, an interval which 
compares with the value 6.29 mm/ys of the standard C-—J velocity of 
nitromethane. 

The following subsections discuss the analysis of the wave Q. 


Optical Measurements 


On its end section, the nitromethane core is in contact with a plexiglass 
“window” whose shock impedance is less than that of the nitromethane deto- 
nation products. Interaction of Q with the window reduces the emissivity of 
the detonation products together with the plexiglass transparency. On the 
film of a slit scanning camera, whose optical axis coincides with the assembly 
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axis and whose entry lens sees a diameter of the output face, as a total result, 
there appear significant traces of arrival times on the window of the frontal 
parts of Q. Starting with these traces, and using the precautions given above 
to ensure that Q is stationary, it is possible to “reconstruct” Q in the neigh- 
borhood of the window. . 

This “end” observation can be completed—using the same camera—by 
that of the interaction of Q with two mylar sheets (0.1 mm thick, 10 mm wide) 
placed normally to i, respectively, at 20 + 0.2 mm and 40 + 0.02 mm from 
the window. This interaction causes a momentary extinction of detonation 
and thus an interruption in the transmission of light towards the camera. The 
dark traces recorded on the film thus show the time of arrival on the mylar 
of emissive parts of Q. These “intermediate” traces can be reconstructed in 
the same way as the “end” traces. 

Each recording shows three zones ((), @, and @) in Figure XI.5(b)) clearly 
differentiated by their optical density, which decreases from the axis to the 
periphery. They are limited in the scanning direction by two arcs AJ and JI’ 
(see Fig. X1.5(b)): 


e AJ is completely situated in the most luminous zone; it is concave toward 
the window; it is normal in A at i and tangential in J to the line separating 
zones () and @); its curvature in A increases as D’ increases (see Table 
XI.2); and 

e JI’ extends from the interface between zones (D and @) to the edge of the 
tube; it is concave towards the detonation products; in J it is inclined on 1 
by an angle w whose sine is little different from D,/D’ (see Table XI.2); 
when crossing the interface between zones Q) and @) an arc J’I is formed 
(revealed by interaction with the plexiglass window) which makes in I with 
i an angle close to that made by the shock wave induced in the 
nitromethane across the tube by the detonation of the astrolite. 


Interpretation 


The rules in §III.4.2 and the quasi nullity of [(D’/D,,) sin wy — 1] show that 
the arc AJ is the meridian of a strong lenticular detonation, while the arc JI’ 
is that of an annular quasi C—J detonation. These conclusions allow interpre- 
tation of the discontinuity of illumination between zones @ and @) as the 
manifestation of a sharp evolution of the velocity and temperature profiles 
(see §III.3.2). They also allow interpretation of the difference in illumination 
between zones Q) and @) and the significance of the arc J’I: 


e the shock induced (across the tube) by the detonation of the astrolite 
curves and intensifies from I to J’, but is always too weak to supply the 
ignition entropy s' directly to the nitromethane; and 

e ignition is obtained only at the cost of subsequent compressions due to 
“the accumulation of shocks” in the tube itself, in such a way that the 
different points of I'J’ correspond to quasi C—J detonation of thin streams 
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Figure XI.5. Detonation of the structure shown in Figure XI.4: (a) result of the 
densitometric analysis of the recording on the film of a slit scanning camera: time 
increases from left to right; and (b) wave system Q reconstructed from the recording. 
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Table XI.2. Values of angle w and radius of curvature R, defined in 
Figure XI.5(b) as a function of velocity D’ (after Sellam, doctoral 
thesis, Poitiers, 1986). 


of precompressed, preheated nitromethane and not to nitromethane at 
rest; the corresponding C—J temperatures are found to be lower as is also 
the emissivity of the detonation products. 


Conclusion 


The configuration described and interpreted in this section is much less “nat- 
ural” than the traditional configuration. It is nevertheless of great interest 
insofar as it provides: 


e an example of strong stationary detonation, the velocity of which can be 
chosen over a continuum; and 

e an example of the coexistence of strong and quasi C—J detonations and of 
the absence of continuous transition from one to the other (see §III.3.2 and 
§ITI.5.2). 


3. Spherical Configurations 


3.1. Explosion Regime 


Among the rules established in §III.4.2 can be read: “an autonomous spheri- 
cally diverging detonation is quasi C—J” from which it follows at once that 
the velocity of an autonomous spherically diverging detonation wave tends 
toward D, when the radius of the wave increases indefinitely (Figure II.6 
shows an early illustration of this asymptotic type of behavior). In other 
words, since autonomy is always achieved, the explosion regime together 
with the traditional “plane” regime provides another way of determining the 
C-—J velocity, the value of which is necessary for the dynamic characterization 
of explosives (see Chap. XII). 

But it must be recognized that this way has hardly been explored for 
condensed explosives [2], [3], [7], [11]. The reasons for this “neglect” are 
not only the theoretical research difficulties (see §III.5.2), but also the experi- 
mental constraints found with this configuration. Although obvious, they are 
worth recalling here since they largely explain the layouts used in designing 
the explosive structure and the measuring system: 
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e first, there is a need for the design of a priming device which, (i) occupies 
little space compared to the total volume of explosive, (11) causes little 
disturbance of the spherical symmetry, (111) is powerful enough to ensure 
ignition, and (iv) is reproducible enough to permit reliable analysis of a 
limited number of experiments; 

e an explosive structure is needed of such dimensions that, after ignition, the 
build-up time of a detonation (see §XI.1.3) is short enough for most of the 
propagation to be that of built-up detonation; 

e observation and/or measurement methods must be designed which do not 
disturb the spherical symmetry and which are appropriate to the non- 
permanent character of the flow: in particular, when the velocity is 
obtained by measuring the time taken for the wave to cross a known 
distance, a compromise must be found between local measurement and 
precise measurement; and 

e finally, when suitable dimensions have been defined for the structure as a 
function of the first two points, it must be constructed in a well-defined and 
uniform state, so that the nonpermanent character of the measurements 
can be unambiguously attributed to the very nature of the flow. 


The first condition is more easily met with an inhomogeneous explosive 
(e.g., an aggregate explosive) than with a homogenous explosive (e.g., a liquid 
explosive) as can readily be seen from the results in Chapter IX. This diffi- 
culty explains the device used by Cheret and Verdes [11] to prime the explo- 
sion of nitromethane (see Fig. XI.6). However, the last three conditions, 
which require only elementary precautions for a liquid explosive, are very 
restrictive for solid explosives: they limit the research area to a few moulded 
aggregate compositions based on cyclonite (RDX), octogen (HMX), or 
triaminotrinitrobenzene (TATB), which must take the shape of “spheres” [3], 
[7] or “logospheres” [2] (see Fig. XI.7(a—c)). The following sections indicate 
the layouts used, the measurements made, and the results obtained. 


Experiments with Nitromethane 


The experiment carried out by Chéret and Verdes [11] is a generalization of 
that devised by Campbell [6]. A tank (see Fig. XI.6(a)) filled with pure (“spec- 
troscopic”) nitromethane is set between an argon flash (see §X.1.1) and a slit 
scanning camera (see §X.1.3); the first lens in the camera forms on the slit the 
image of a straight line w,@, which starts from the center O of the tank and 
is parallel to one of the tank faces. When at rest, the nitromethane is trans- 
parent and transmits all the beam; but at a time t subsequent to the firing 
time tT. when the detonation (or shock) wave has reached radius X, the beam 
is blocked over a diameter 2X, and a segment of width 2gX will not be 
recorded on the film (see Fig. XI.6(b)), g being the recording magnification. 
Analysis of the variation of 2gX with time (by the procedure detailed in [11]) 
gives a “continuous” estimation of the wave velocity D*(X). ' 

The explosive structure itself is a compromise between the different experi- 
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Figure XI.6(a). Experimental set-up for measuring the divergent spherical detonation 
velocity of nitromethane (after [11]). 


mental constraints. The base and walls of the tank are 10 mm thick glass 
slabs, glued together. The walls perpendicular to the optic axis, through 
which measurement is made, have “optical polish” and are carefully mounted 
to ensure parallelism. The tank is closed by an “adjusted” plexiglass covering 
cap, whose multiple roles will appear later. A sphere of powerful solid explo- 
Sive serves as priming relay: it is formed from two hemispheres joined along 
a vertical plane and pierced with two diametrically opposed vertical holes of 
10.2 mm diameter which will receive two exploding bridgewire detonators of 
10 mm diameter. It is kept in a central position by two plexiglass tubes 
(external diameter 12 mm, internal diameter 10.4 mm), one being fixed to the 
bottom of the tank and the other to the covering cap, extending the holes for 
the insertion of the detonators; the assembly (sphere and tubes) is made rigid 
by bonding with adhesive, then made tight and chemically inert by spraying 
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Figure XI.6(b). Recording on the film of a slit scanning camera during the spherically 
diverging detonation of nitromethane primed by a sphere of high explosive (after 


[11]). 


with aerosol varnish. The covering cap is pierced with three more holes: one 
to allow filling of the tank, while the other two allow introduction of the 
needles of a sighting-mark and their integration with the whole set-up, during 
the preliminary focusing of the camera and measuring of the magnification g. 

The variation in initial temperature of the nitromethane is measured in 
the interval (t. — 10 min, ty — 5 min); it is about 0.1° C. Its value 1s measured 
at the instant t, — 5 min: 13.5° C. For the estimated initial temperature of 
13.4° C, the law established by Davis et al. (see [21] in Chap. XII) 
gives a corresponding velocity D®, = 6.336 + 8 m/s. 


Solid Explosive Structures. 


The experiments made in 1969/1970 by Chéret and Verdés, reported in [7] 
and [4], were carried out on “spheres” of F209 explosive, made from a mix- 
ture whose essential components are cyclonite (RDX) and TNT: hot-setting 
uniaxial compression followed by slow cooling produces blocks from which 
pieces of the required shape and size can be obtained by machining. Since a 
general study of the procedure showed that the blocks are most nearly homo- 
geneous when the mould (whose axis of symmetry is parallel to the compres- 
sion axis) has similar radial and axial dimensions, an attempt was made to 
make the best possible use of the largest mould: a hemispherical mould which 
can yield a 300 mm diameter hemisphere, and then a 150 mm diameter 
sphere. Because preliminary velocity measurements had shown that a study 
limited to waves with maximum radius 75 mm was insufficient, preference 
was given to the manufacture of spheres by joining two hemispheres, neces- 
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sary to allow study of explosions up to 150 mm radius. (N.B. The experiments 
reported by Bahl [3] are limited to 50 mm radius.) 

Each hemisphere is machined to size by grade 10 machining: its radius 
being 50 + 0.05 mm, 75 + 0.08 mm, 100 + 0.092 mm, 150+ 0.105 mm at 
temperature 20° + 2° C. After machining to shape, the density py, of each 
piece is determined hydrostatically at 20° + 1° C with a precision of 0.2%: for 
all the pieces used the values of py were found to be regularly distributed 
between 1.712 g/cm? and 1.728 g/cm?, with a mean value of 1.720 g/cm’, 
subsequently called the nominal value. The only modification after weighing 
is the drilling of housings for the detonators, which is strictly made on a pair 
of hemispheres fitted together: the metal device which holds this assembly 
on the machine tool is such that the distance between the centers of the 
two hemispheres is less than the tolerance of machining to radius. The 
two matched hemispheres are then separated for transport from the work- 
shop to the firing area where the detonators are introduced before their 
assembly. 

The above procedure has been carried out everywhere for “logosphere” 
type structures, as shown in Figure XI.7(c). Their major advantage over 
spheres is their greater observation distance (up to 230 mm) particularly 
appreciable for TATB compounds, but at the price of very complex instru- 
mentation, which will be described in the next two sections. 


Optical Measurements on Spheres 


The velocity of an explosion is found by marking its travel between a se- 
quence of known points aligned along Ow (see Fig. XI.7(b)). The following 
technique is used to produce these points in the sphere and use them to detect 
wave travel. 

Polished plexiglass sticks (4 mm diameter, length A = 9.80 or 14.80 + 0.01 
mm), separated from each other by piano wire rings (200 + 5 wm thick) are 
placed in a hollow frosted plexiglass cylinder (external diameter 6 mm, inter- 
nal diameter 4 mm). After assembly in the laboratory, some air remains 
trapped in a “chamber” between two sticks because of the insertion of the 
ring. The rod thus made (see Fig. XI.8(a)) 1s introduced into a cylindrical 
cavity (6 mm diameter) drilled along Ow up to 7.5 mm from O. When detona- 
tion reaches a “chamber” the air ionizes and glows. The corresponding flash 
is recorded on the film of a slit camera, whose optical axis has been made to 
coincide with the rod axis. If the “inscription rate v” on the camera film is 
known and the distance 4 between two consecutive flashes measured, the 
average detonation velocity D* over the length A of the corresponding base 
line is given by D* = vA/A. The film also records the arrival of the detonation 
on the surface of the sphere (see Fig. XI.8(b)) and allows the wave sphericity 
to be controlled during each shot: such a control has shown that no faults can 
be seen near the rod, while disturbances to wave front propagation by the rod 
can be considered as negligible. 
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Figure XI.7. (a) Two hemispheres before assembly (after [7]); (b) diagram of an assem- 
bled sphere (after [7]); and (c) meridian section of a logosphere structure (after [2]). 
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(c) 
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Figure XI.7(c) (Cont.) 


Figure X1.8(a). Exploded view of a rod. 
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Figure XI.8(b). Recordings on a slit camera film of flashes emitted by air chambers 
(scale 1:1): (1) AZ 15 mm, v = 12.6 mm/s, sphere of 100 mm radius; and (2) A = 
10 mm, v = 25.2 mm/ps, sphere of 150 mm radius. 


Electronic Measurements on Logospheres 


Passage of the explosion along the free boundary of the logosphere is 
detected by two series of probes. The first are short-circuit type probes: each 
causes closure of a fast discharge circuit, and the pulses formed are led coax- 
ially to a digital chronometer with 1 ns resolution. The second are ionization 
chamber-type probes with optical fiber head: they deliver a light signal which 
is recorded on an electronic camera at about +2 ns. Probes of both types are 
inserted in an aluminum probe support plate placed normally to the axis of 
the detonators, in positions X! preset at about +0.01 mm. Each structure 
thus has up to 80 values of X! distributed from 70 mm to 230 mm. The 
recorded signals are used to form a discrete sequence of passage instants t? of 
the wave at radii X’. To obtain continuous representation from this sequence, 
use is made of the experimental observation noted in §III.1.6 and often re- 
peated, that the normal local detonation velocity is all the less variable as the 
average local curvature is smaller. By taking into account the range of varia- 
tion of X (from 70 mm to 230 mm) and the small size of the variation of D 
(less than 1%) it is easy to verify that a linear representation of D in 1/X is 
sufficiently accurate. By integrating the simple expression of D in one-dimen- 
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sional geometry 
D = dX/dt; 
we obtain from this an expression for t as a function of X of the form 


1 


S 
co 


t—t°= 


X—a 
[x —X° +a Log XS, | 


Calculating the best root mean square approximation for all the pairs (t!, X’) 
leads to a value of D§,. 


Results 


Interpretation of the raw data—which have been obtained as described in 
the last three subsections—differs according to whether they are for: 


e a liquid explosive with continuous recording of velocity during a single 
experiment at temperature T); and 

e asolid explosive with recording of discrete values that are usually obtained 
during distinct experiments which must be restored by linear smoothing, 
to reference loading density po. 


However, it is possible in both cases to define, when radius X increases 
indefinitely, a limit D§, to which the explosion velocity tends at temperature 
T, in the first case, at density p, in the second. Provided that allowance is 
made for these initial conditions, D§, can be compared to the limit D®, of the 
traditional regime (see Table X1.3). 


Table XI.3. Comparison of extrapolated velocities D®, and D§, for four explosive 


substances. 


7715 
Comp. T/T, 7737 + 20 
7737 


The difference D§, — D®, appears here as positive or zero according to the 
explosive considered. This diversity is surprising in view of the similarity of 
detonation phenomena established for all condensed explosives. For want of 
a better hypothesis, we conjecture that 


D§ = D®,, 


Po = 1.880 g/cm? 


324 XI. Elementary Configurations of Simple Detonation 


and attribute the differences shown in Table XI.3 to the uncertainty of D8, 
because of the polynomial approximation used, as 1s shown by the two values 
given for comp. T/T,. 

Independently of this conjecture, the sections above show the superiority 
of the explosion regime to the traditional regime for the determination of D,: 
a single experiment on a logosphere or on a large radius sphere rather than 
a large number of experiments whose results are blurred by uncertainty be- 
cause of linear smoothing of density and extrapolation to infinite diameter. 


3.2. Implosion Regime 


Despite the experimental difficulties which arise when researching perfect 
spherical symmetry in a large solid angle, the explosion regime is very much 
easier to obtain than its false twin, the implosion regime. Nevertheless, the 
latter is by no means purely hypothetical since suitable priming devices have 
been developed; these are known as “spherical wave generators,” abbreviated 
to S.W.G. The results below are partly due to [10]. 


Explosive Structures 


Experiments carried out by Cheéret, Chaissé, and Zoé [10] were made on 
HM<X-based F626 explosive spheres, for which traditional characterization 
(see [13]) leads to 


Po = 1.835 g/cm?, 


D, = 8765 m/s, 
T, = 3.005, 
G, = 0.582. 


These are intended to determine the path diagram (X, t) of detonation fol- 
lowing priming of a sphere of diameter ¢. Because the S.W.G. does not 
have exact spherical symmetry, but only an invariance property in relation 
to A, axis rotations and IT, plane symmetries, experimental conditions are se- 
lected which ensure slight loss of sphericity. Therefore, only two experiments 
(¢ 300 mm and ¢ 280 mm) have been designed and considered satisfactory: at 
radius [(¢/2) — 20] mm the loss of sphericity is less than 0.2 ys. 


Electronic Measurements 


Measurement is made by recording the time t) at which the wave reaches a 
location X! predetermined to about +15 wm. Passage of the wave is detected 
by short-circuit type probes (25 um kapton support, 35 um copper elec- 
trodes, 25 wm screen), which operate by closing a fast discharge circuit; the 
pulses formed are transferred by coaxial lead to a digital chronometer with 
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Figure XI.9. Diagram of explosive structure for measurement of convergent spherical 
detonation velocity (after [10]). 


5 ns resolution. The probes are located on two orthogonal radii HY’ and #” 
belonging to a plane P normal to an axis A,; furthermore, Y’ and #” on P 
are chosen so as to be symmetrical about a plane II, which includes the 
preceding axis A, (see Fig. XI.9). Measurements are thus made in the junction 
plane of two quarters of a sphere whose common diameter is the external 
bisectrix of the angle (Y’, #”). 

To avoid premature destruction of the coaxial wiring, an inert medium 
and suitable shields are substituted for the explosive, as shown in Figure XI1.9. 
The substitution 1s made in such a way as to preserve the symmetry of the 
truncated hemisphere with respect to II, and the symmetry about A; of the 
priming device. The results are shown in Table XI.4. 


Interpretation 


The measurements were interpreted from the angle of a test of the law pro- 
posed in §III.5.3 (in fine). 


D C 
een ered 
D, + eh 


re |Nm/2 2 
— -1f, (XI.1) 


where C, and m(9) are given, respectively, by the equations (III.52) or (III.52’) 
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Table XI.4. Moments t! of passage to radii Xi and X”! in implosion experiments. 


p200mm | No. AFT No. 815°" 


x’ t x”3 t x’ t x" ti 
(mm) (us) (mm) (us) (mm) (us) (mm) (us) 


(in fine) and (III.54) (in fine) from which the following expression is derived: 
12 

Cw=.. 7, 

21, + DQ, — G,) 


m(j) = E + 2 + [Pry (X1.3) 
y y-1 


The test consists of ensuring the existence of: 


(XI.2) 


e realistic initial conditions t*, |r|* for each sphere; and 
e arealistic value of m for the whole of the two spheres. 


First consider the equation to which (XI.1) reduces in the neighborhood of 
|r| = |r|* under the hypotheses which lead to the simplified expression 
(I111.52’) given above in (XI.2) 

r 


D N\? 
—=14+C.(— _ 
p,-1* (3) ( 


r* 


2 
— 1) (XI.4) 


If D is replaced by d|r|/dt, a differential equation is obtained whose exact 
integral is 


3 D, (t — t*) 
= 1 — —— tan —*-—__—_|/C,. 
JCy 2|r*| . 


This integral gives the best (root mean square) representation of the first ten 
pairs in the table when t* and |r|* have the following values: 
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13.188 17.077 
145.5 148.85 


Let us go back now to the numerical integration of (XI.1) for the initial 
conditions thus determined and let us seek the value of m which, for each 
sphere, gives the best root mean square representation for all the pairs (X), t’). 
A unique value of m = 0.275 is obtained, for which 7 = 2.5. The identity of 
the two different estimates of m is the anticipated argument in favor of the 
validity of the law (XI.1). 


4. Break of a Quasi C-J Autonomous Detonation 


4.1. Introduction 


The attraction and the grasp of the C—J condition are such that detonation 
theories are most often used to establish, for the wave and the associated 
flow, properties independent of the conditions imposed on the priming 
boundary #? and on the free boundaries #’. This point of view has its limits, 
as has been seen in §III.5.2, with regard to divergent spherical detonation and 
the role of the velocity x, in the determination of the wave nature, and also 
in §111.6.3 with regard to traditional quasi C—J detonation and the role which 
the medium next to the explosive plays in the determination of the eigen- 
value D(@) and critical values D, and D{. With regard to the latter, the 
possibility has been admitted, but not proved, of unambiguously defining the 
co-incidence n, of the wave on the flow relative to the interface, using only the 
conditions that relative pressure and velocity will be compatible. In fact, this 
definition is far from obvious; moreover, the phenomenon of detonation- 
break on a free boundary is of paramount importance, both for knowledge of 
the explosive by measurements made at such a boundary and for the estima- 
tion of the effects of the explosive on its immediate environment. This is why 
it is necessary, in this last section, to clarify the debate by using recent results 
from [8], [9], although all the developments are far from being available. 

After posing the problem in the most general manner (§4.2), we consider 
the geometrically simple case of a divergent cylindrical detonation breaking 
on a plane, which lends itself well to the introduction of the local concept of 
automorphy (§4.3). We then return to the traditional “plane” configuration 
and propose a way out of the paradox of the “classic” theory where no 
solution exists (§4.4). This proposal may explain the existence of configura- 
tions which are noteworthy in that they are, in the neighborhood of a free 
boundary, invariably linked to the principal reference frame of the free 
boundary at rest Bé (§4.5). 
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4.2. From Frontal Break to Oblique Break 
To clarify the geometry of the problem, the following notation is used: 


e I is the current point on the intersection 2, 7 & of the free edge @* and 
the quasi C—J wave 2, ; 

e II(1) is the plane in I normal to 2, nF’; 

e £3(I) is the upstream arc of @ NTI (1); 

e &°(I) is the downstream arc of @ ATI (1); 

e t(I) is the unit vector of Z4(I) in I oriented from upstream to downstream 

of Z,; and 

n = (2/2) — [N(D), t(1)J is the co-incidence of N(I) on t(I). 


There are two quite different situations, according to whether 7 = 0 (i.e., 
N(I) normal to t(D, 2, and 4 tangential in I, “frontal” break) or 4 #0 
(oblique break). 

In the first situation (y = 0), the theory depends on the ideas proposed by 
Jouguet [16], developed in numerous articles cited and classified by Courant 
and Friedrichs [12], then clearly reviewed by Pack [19]: that the appearance 
of a shock &,, in the adjacent medium is accompanied by reverberation in the 
detonation products of a shock 2 or of a Riemann centered expansion wave 
(see the equations given in §III.5.3) according to whether the shock pressure 
in “m” which would cause a velocity jump u, therein is greater or less than 
the pressure p,. 

In the second situation (7 #0), theoretical treatment is based on the 
aerodynamic researches of Mach [18] and the authors cited in [12], and their 
transfer to two compressible media by Drummond [14] and Sternberg and 
Piacesi [22], who raise and discuss the paradox of “oblique break without 
hydrodynamic solution.” Building on recent experimental results, a new the- 
oretical analysis is proposed here, based on continuous variation of the flow 
around I when passing from frontal break to oblique break. To simplify the 


(I) 


x, AT (1) 


B° (\) 


BH) 


Figure XI.10. Diagram showing break in the plane IT(I) normal in I to the surfaces Le 
of the detonation wave and # of the free boundary. 
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B OW) 


Figure XI.11. Diagram showing break of a divergent cylindrical detonation on a free 
boundary parallel to the priming axis. 


strictly geometric aspects of this problem, we only consider the case (see Fig. 
XI.11) where the initial free boundary &% is a plane and the priming bound- 
ary is a straight line # parallel to Bj and inside the explosive structure &: 
the divergent cylindrical detonation is then quasi C—J according to the prop- 
agation rules in §III.4.2. Let H be the distance from @? to &é, and let h, be 
the distance from I to the plane projecting Z* on &. 

Consider a couple &)/m such that, in a frontal break situation, a shock 2 
is reverberated in the detonation products. For such a couple, the geometric 
hypotheses on 4 and & predict frontal break followed by oblique break 
with 7 being as small as required. In the relative reference frame related to I, 
ZB’ c\T1(1) is the stream line both for the explosive and for the adjacent me- 
dium (see Fig. XI.12), and the relative vector velocity common to the up- 
stream of 2, and 2,, is 

D, 


Wo = Wa = t(I). 


The spreading out of the jump relations across 2,, 2, and %,, in the 
neighborhood of 7 = +0 shows the existence and uniqueness of one state 
downstream of 2 and one state downstream of &,, which in I obey the equality 
of the pressures and the parallelism of the relative velocity vectors on both 
sides of #’(I). Furthermore, given the dependence of W, and W,, on 1/sin 7 
and the jump relations, each of these downstream states corresponds, if 7 is 
small enough, to supersonic downstream flow; and finally dy/dt > 0. The 
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configuration 2,22,, is then stable, in accordance with the reasoning of 
Walsh et al. [23]. 

When I is far from the symmetry axis, angle 7 increases as arctan (h,/H): 
a unique, stable configuration with three discontinuities exists, while 
changing to suit 4. This situation holds until 7 = (x/2) — 0 provided that 
neither of the following circumstances occurs: 


(i) the shock 2 in I is reduced to a sound wave (zero deflection and pressure 
jump) (see point K° on the diagram in §11.4.3) for a value n° < 2/2 of n; 
then the reference solution valid on [0, 7° ] may be extended beyond 7° 
by a configuration with two discontinuities 2, and X,,, where the equal- 
ity of the pressures and the parallelism of the relative velocity vectors on 
both sides of #’(I) is ensured by a reverberated Prandtl—Meyer expan- 
sion within the detonation products; nor 

(11) the relative flow downstream of 2 or %,, is sonic in I for a value 
n (&), m) < 2/2 of y; and then, some recent experimental results (see §4.3) 
lead to the following conjecture: 


When h, increases from initial H tan 7, flow 

results from a continuous extension of the “classic 

solution with reverberated shock”: detonation 2, 

inclined on & of the angle arctan(h,/H), existence (XI.5) 
downstream of 2, of a shock 2 followed by a sonic 

relative flow, shock 2,, followed by a Prandtl-— 

Meyer expansion. 


Figure XI.12(a—c), drawn in the real plane perpendicular to the priming 
line @*, and (XI.12a’, b’, c’) drawn in the plane of the variables deflection 0 
and pressure p, show the pattern of flow in the neighborhood of I, and, in 
particular, the way in which the flow of detonation products and the flow of 
the adjacent medium adjust to one another: 


e in the reference solution, the relative flow is supersonic everywhere, and is 
formed by the juxtaposition of uniform zones: the state at the interface 
#‘ (I) results from the mutual adjustment of the stream lines on both sides; 

e in extension (i) of the reference solution, flow remains supersonic every- 
where, but comprises a nonuniform zone, i.e., an expansion of detonation 
products which continuously changes their state from [p,, 6,(7)] to 
Lp(7), O(n) > 6,(n)]; and 

e in extension (11) of the reference solution, the relative flow remains super- 
sonic except downstream of 2 where it is sonic; in addition, it comprises a 
nonuniform zone, i1.e., an isentropic expansion of the adjacent medium 
which causes it to change continuously from an intermediate state 
[p’(n), 6(n) < 6°(n)] to the state [p*(n), O°(n)]. 


Some analogy between the two extensions should not conceal a striking 
difference: in extension (i) (just as in the reference solution) the final deflection 
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(a) (a’) / 


(b) (b’) 


BF (I) 


0 6.4) O(n) 6 


0 O(n) Oly) Oy) 0 


Figure XI.12. Break of a divergent cylindrical detonation on a plane parallel to the 
priming axis; determination of the pressure and deflection conditions on both sides of 
the free boundary. Parts (a) and (a’) are relative to the reference flow (weak co- 
incidence); parts (b) and (b’) of the one part, (c) and (c’) of the other part are relative 
to the two possible extensions of the reference solution. 
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results from mutual adjustment of the stream lines on both sides of #’(I), 
while in extension (ii) the final deflection 68(y) and pressure p*(n) are imposed 
by the detonation products in the adjacent medium. 

The divergent cylindrical geometry envisaged in this section lends itself 
particularly well—as we have just seen—to the introduction of extensions of 
the reference solution because, over time, the co-incidence yn first has a zero 
value and then a continuous sequence of positive values for which a unique, 
stable solution is known. However, because of its nonstationary state it is 
unsuitable for local measurements, so that the conjecture (XI.5) truly relies on 
a discrete sequence of experiments made on the traditional “plane” geometry. 
These experiments are described in §4.3 where the material in [9] is incorpo- 
rated and where the concept of automorphy is introduced. 


4.3. From Automorphous Detonation to Guided Detonation 


A rough casting of TATB-based explosive T, (for its properties, see [2], [20]) 
is machined to the shape of a right prism (60 mm high) whose cross section is 
shown in Figure XI.13. One face of the prism, in contact with a plane shock 
generator, forms the priming boundary @*. The free boundary is composed 
of one face (0) submerged in air, and two surfaces (1) and (2); one (1) is plane 
and contained by ordinary copper, and is inclined at 78° to the Z? plane; the 
other (2) is plane or dihedral, and partially (assembly A) or totally (assembly 
B) contained by an OFHC copper piece which is inclined at angle 7? to the 
Z* plane (the values of 7? are shown in Table XI.5). This OFHC copper piece 
is polished and beveled so as to make with & an angle chosen in accordance 
with traditional theory [18], [14], [22] to improve the precision of the mea- 
surements specified below. 

The shape—in the vicinity of (0)—of the detonation wave X,, and that— 
in the vicinity of the bevel—of the shock wave &,,, induced in the copper (see 


Assembly A Assembly B 
Flash 
Cu (OFHC) Flash 
12°. —— Lo 
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Figure XI.13. Cross-sectional diagram of experimental set-up. 
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Detonation products 
OFHC copper 


bevel 


Figure XI.14. Isometric projection of waves Z, and 2,, in the vicinity of free 
boundaries (0) and (2). 


334 XI. Elementary Configurations of Simple Detonation 


Table XI.5. Experimental values of n, and n,,; theoretical values nj, (after [9]). 


14.153 + 0.05 
20.35 + 0.31 
26.46 + 0.2 

32.29 + 0.78 
36.44 +0.77 
37.71 + 0.23 
38.67 +041 
38.52 + 0.38 
39.38 + 0.42 
39.18 +0.59 
38.85 +0.21 
39.82 +0.10 
39.73 + 0.16 
39.92 +0.10 


Con Nn PR WN = 


A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
B 
B 
B 


Fig. XI.14), are recorded by a slit camera with axis perpendicular to Z, while 
the slit is parallel to the plane of the cross section of the explosive prism 
(plane of Fig. XI.13). Measurement uses the light emitted by the ionized air in 
the vicinity of (0); a first trace Y, on the film shows the break of Z, on (0) and, 
in particular, the inclination of 2, to (2) along Ag = (0) (2). Measurement 
also uses the reflection on the bevel of a flash synchronized with the experi- 
ment; a second trace &, shows the break of X,, on the polished face of the 
bevel, and at the same time the propagation along (2) of A = 2, 4 2,,; when 
analyzed point by point with a profile projector and smoothed and extrapo- 
lated to Ag = (0) 7 (2), it leads to the value 7, of the local inclination of Z,, to 
(2) in Ay. Three typical recordings are shown in Figure XI.15; all the values 
obtained are give in Table X15. 


Interpretation 
To interpret the above experiments, a “traditional” model [18], [14], [22] 
postulates that: 


(i) the wave 2, is a plane parallel to @*, and therefore inclined to (2) by an 
angle n, equal to 7,; 

(ii) the relative flow in the frame linked to X, is two-dimensional stationary; 
and 


(111) the shock %,, 1s sustained, at least locally in the vicinity of (2). 
From these hypotheses, three particular values 
n* = 64°, n? =~ 75°, n’ = 78°, 


appear on determining the pressure p(y) and deflection @(y) which ensure 
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Figure XI.15. Slit camera recordings: light trace ZY, shows shock 2 breaking at pol- 
ished face of copper bevel, light trace Y, shows detonation 2, break in air. 


equality of pressures and parallelism of velocity vectors on both sides of 
partition (2) [see (I.29) with M = 0]: 


e for n* < n* and 7? < n? <n’, there is a unique solution where a shock & 
rectifies the flow of detonation products downstream of 2, ; 

e for y* > 7’, there is a unique solution where Prandtl—-Meyer expansion 
prolongs the deflection of detonation products downstream of 2,; and 

e forn* < n* < n°, there is no solution, unless it is assumed [22] that a Mach 
configuration is set up in the detonation products. 


The values n/,, obtained from this “traditional” theory are given in the last 
two columns of Table XI.5. Comparison with experimental values shows that 
this model ceases to be valid when 7? exceeds a value close to 77 not only in 
the interval (4%, 7°), where recourse to the assumption in [22] is necessary, 
but also—contrary to all expectations—beyond yn? up to 90°. Furthermore, 
independently of any reference to the “traditional” model, examination of 
experimental values confirms two laws: 


e 7,,(y*) remains continuous when 7? exceeds the value 7* and may be con- 
sidered, within the limits of measurement, as being constant beyond a 
value close to yn’; and 

e 7,,(n*) only differs from 7? beyond a value close to 7° and n’. 
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These laws are valuable since, combined with assumption (XI.5), they suggest 
a model where: 


e hypotheses (i), (11), and (111) are called into question; and 
e development of the flow, as 7? increases from 0° to 90°, is continuous, being 
controlled not by the values 7°, 1°, y’, but by the particular values 


ni <n; nn? edn’, nL; 
for which a reverberated shock ¥ exists which has a sonic downstream rela- 
tive flow. 


To be precise, the new model sets forward that equality of pressures and 
parallelism of velocity vectors on both sides of the partition (2) are obtained: 


e for n* <n _, by the classic stationary solution: 
— plane detonation 2,, inclined to (2) at angle 7; 
— ashock x downstream of which the relative flow is supersonic; and 
— a sustained shock %,, in the vicinity of A; 
e for ny? e[n , 7 ], by a stationary extension: 
— plane detonation 2, inclined to (2) at angle n?; 
—  ashock 2 downstream of which the relative flow is sonic; and 
— ashock %,, followed by the Prandtl—Meyer expansion; 
e for yn? > bya locally stationary extension: 
— a detonation 2, which is not plane but locally inclined to (2) in A at 
angle n*, whatever the value of 7°; 
— ashock 2 downstream of which the relative flow is sonic; and 
— a shock £,, locally sustained on A and inclined to (2) at angle n,,(n"), 
whatever the value of 7’. 


This model takes full account of all the data given in Table XI.5. Further 
confirmation is found from photometric information contained in the 
recordings: the light trace &, which shows the break of shock %,, on the 
polished surface of the bevel is definitely less intense in shots 6—9, precisely 
those where, in the above model, shock &,, is followed by the Prandtl—Meyer 
expansion which limits its effects. 

Suppose now that a divergent cylindrical detonation experiment, as 
described in §4.2, is made on the T2/copper couple. Then assumption (XI.5) 
leads to the belief that, when h, increases from H tan n*: 


e 7 keeps the value n* so that the configuraton 2,22, remains locally 
stationary in I; and 

e outside point I, the configuration develops in such a way that the entirety 
of the flow corresponds to all the boundary conditions at #’ and #. 


In other words, conjecture (XI.5) predicts the existence of two successive 
propagation phases along the free edge: one h, < H tan y* where detonation 
is automorphous in the sense that X, is not altered by the presence of #’, the 
other h, > H tan n* where &# disturbs the shape which L, would take, solely 
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because of the priming conditions along #’, and leads to progressive reduc- 
tion of the automorphous part of X,. To avoid any confusion, it should be 
emphasized that automorphy, like autonomy, is not an intrinsic property of 
detonation, since its existence depends on the adjacent medium: in a less 
formal, but still instructive manner, we can say that automorphy is to the free 
edge what autonomy is to the priming boundary. It should also be noted that 
the automorphous — nonautomorphous transition may exceptionally not 
appear in this simple form if an elastic wave can detach itself from the shock 
x,» ie., if there is a value n°(6&, m) < 4*(&, m) linked to the velocity ch of 
the longitudinal elastic waves in “m” by 


ch = D,/sin n°. 


Then the configuraton 2, 22,, is disturbed in A as soon as its stability is no 
longer ensured, i.e., as soon. as y attains the value 7°. The transformation 


r,( v>y*) 


z, ( w= *) 


r.( Y<*) 


Figure XI.16. Diagram of divergent cylindrical detonation break on a cylindrical free 
boundary parallel to the priming axis. Automorphous break (Ww < W*), limit break 
(W = w*), and guided break (wy > w*). 
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which changes the adjacent medium from rest to a state identical in stresses 
and deflection to that of the detonation products downstream of X belongs 
to the field of elastoplastic behavior and is outside the scope of this work. 

Forgetting this exceptional circumstance, a consequence of the 
automorphous — nonautomorphous transition will now be considered: guided 
propagation along a free boundary. 

Returning to the case of a divergent cylindrical detonation, we now con- 
sider a free boundary in the shape of a hollow cylinder, of circular section 
(diameter ¢) with generatrix parallel to the priming boundary. Figure XI.16 
shows a cross section of the explosive structure. As in the preceding sections, 
detonation remains automorphous as long as the angle Ww under which the 
break lines are seen remains less than a value w* defined by 

sin yt . 
T—cosy* + QH/H) 


As soon as w exceeds w", co-incidence 7 maintains value nt so that the free 
boundary seems to “guide” and “retard” the detonation (see Fig. XI.16). This 
phenomenon is the key to a number of observations made with respect to 
regimes more complex than those noted above, but still of interest. 


w* + Arctan 
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CHAPTER XII 


Numerical Predictions 


1. Purpose and Value of Prediction 


1.1. Prediction Levels and Elementary Problem 


It must be stated at the outset (so as to warn the reader) that numerical 
predictions for explosives are, at first sight, somewhat disconcerting because 
of the diversity of the phenomena invoked, the quantities measured, the ap- 
proximations made. This disorder is not an effect of Art but a consequence of 
the ambivalence of the concerns which dominate the use of an explosive 
structure: 


(1) to control the risks encountered during manufacturing, storage, and 
dismantling phases, 

(11) to control, in time and intensity, performance during the normal and 
unique sequence of use. 


The first concern is the definition and implementation of trials and tests, 
analyzing incidents and accidents which have been duly listed. The reader 
interested in this aspect can usefully turn to the irreplaceable work of 
Médard [44]. 

The second concern is not only the writing of numerical codes but also 
carrying out experiments to validate them. The subject of this twelfth and last 
chapter is to approach the question very generally and to present an updated 
picture of its implications for different disciplines and techniques; it is left to 
the reader to fit his prediction effort to the economic value of the explosive 
structure concerned or of the project of which it forms a part. 

To introduce the “elementary” problem which dominates numerical pre- 
dictions, it is convenient to consider the circumstances which most often 
accompany the “birth” and “death” of an explosive structure: 


e manufacturing conditions generally allow the initial state to be considered 
as a uniform state of rest; 


e conditions at the priming boundary generally mean that propagation is 
ensured simply because of the release of chemical energy, to the exclu- 
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sion of any compression wave driving the flow of detonation products up 
to the ignitor shock; and 

e conditions on the free edge and/or priming boundary generally lead to 
flow with detonation of positive curvature; 


so that, because of the propagation rules established in §ITI.4.2, detonation is 
usually quasi C—J in the sense of §III.1.6. We may be satisfied with this 
information and determine only C—J detonation state(s) of an explosive sub- 
stance. (N.B. The uniqueness subject to inequalities (II.16) has been shown in 
§I1.3.1.) But we may also wish to attain a complete description of the flow 
with detonation, knowing (Chap. VIII) that this objective implies knowledge 
of the surface of state () of the “final substance,” i.e., of the detonation 
products in thermochemical equilibrium. 

These two approaches clearly show the scale of the objectives: in one a 
state (the C—J state) is to be determined, in the other the whole of a surface of 
state (or at least a piece, in the hypothesis that it would be possible to set 
limits to the thermodynamic path followed by the final substance). 

But it happens that the difficulty of the problem is virtually independent 
of the objective of the prediction. In both approaches, the common, unavoid- 
able problem is the determination of the current point of the surface of state 
(2). In fact, once this elementary problem is solved, it is a simple matter to 
determine any line on (Q&) and, in particular: 


e the arc (H,) and the point J, target of the first approach; and 
e a network of curves which gives a reply to the second. 


The following section is devoted to analysis of preliminary questions which 
arise from this elementary problem. 


1.2. Preliminary Questions 


The substance qualified as “final” in the detonation process has only ephem- 
eral existence: the velocities which create it (a few millimeters per micro- 
second), the pressures achieved in it (some 101—10? kbar), the gradients which 
cross it neither allow leisurely observation nor isolation of a state cor- 
related in a simple manner to a state of (Y). Indirect paths must therefore 
be followed: by relying on global observation of the flows of detonation 
products, arguments are found in favor of hypotheses upon which thermo- 
dynamic knowledge of (#) can be built, and finally the validity is checked 
by comparison with appropriate measurements. 

What elementary detonation experiments (see Chap. XI) primarily tell us 
is that detonation products have all the appearances of a fluid. Furthermore, 
when the explosive is of organic type (i.e., composed of atoms of carbon, 
oxygen, hydrogen, nitrogen), they also tell us that free carbon may figure in 
the detonation products. This is why, from the first attempts at numer- 
ical characterization of condensed explosives (see Kistiakowsky and Wilson 
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[32a, b]), three hypotheses have been advanced: the detonation products 


(#,) form a macroscopically homogeneous mixture of one gaseous phase 
(composed of I chemical species, each marked with superscript i) and J 
condensed phases (marked with superscript j) compared to which the 
internal energy and volume are additive; 

(#;) behave as a single fluid which, at pressure p and at temperature T 
possesses a specific volume v and specific internal energy e; and 

(43) are in chemical equilibrium. 


In order to determine this equilibrium, such a model requires, as well as 
the atomic composition Aj, ... Aj,... Az, of the explosive substance, the intro- 
duction of variables inherent in each of the species and/or phases: 


et number of atoms (A“) in the chemical individual (A); and 
N* (A =i or j) number of moles of (A) in the unit mass of the mixture. 
N=) ,N' 
vi specific volume of the phase (j); and 
v’ volume of the gaseous species resulting from the detonation 
of the unit mass of the mixture 
vp’ =v — > NIM?0!, (XII.1) 
J 


In order to express the fluid behavior, it is also necessary to introduce 
functions g(v’, T,..., N',...) and g4(v/, T) which give the respective pres- 
sures in the gaseous phase and the condensed phase (j). The first “prelimi- 
nary question” now appears: separate and a priori knowledge of the surface 
of state of each phase. 

Other difficulties arise with regard to listing the species potentially present 
in the mixture and the phase(s) in which each species occurs therein. In the 
example of an organic explosive, there can be hardly any doubt that such 
gases as CO, CO,, H,O, NH3, CHg, etc., must be taken into consideration, 
but it is not obvious that atomic O, H, N species can be eliminated, nor that 
the free radical OH should be considered; among other considerations we 
lack simple and/or decisive arguments to affirm that free carbon is present in 
the form of graphite, diamond, etc., or even a transient quasi-crystalline 
phase which is absent from the inventory drawn from static studies. Hence 
the second “preliminary question” which bears on the formulation of the 
problem: Has the mixture been represented in a realistic manner? This ques- 
tion is all the more important when the only possible answer is a clearly 
laborious procedure: introducing the largest possible number of species 
and phases (compatible with the available means for calculation and with 
theoretical knowledge of the functions ~ and ¢/), even if it entails stating 
a posteriori that, for some group of explosives, such species or such phase 
could be absent in the list. 

Before returning to the first preliminary question and discussing the possi- 
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ble answers to it (see Section 2), we will deal with the nature of the system of 
equations to be solved (§§1.3—1.5) and the validation criteria of the numerical 
results (§1.6). 


1.3. Equations of the Current Point of (2) 


In each state of the detonation products of an explosive substance of compo- 
sition Aj, ... A‘ .. Ay, per unit mass, the following have been defined: 


e I + J composition variables N*; and 
e 4+ J state variables p, T, v, v’, v/. 


The surface (%) is generated when these 4 + J + 2J variables evolve in accor- 
dance with 2 + J + 2J linking equations: 


e the homogeneity equation (XII. 1); 
e L linear equations of conservation of atoms 


\ N*6} = &, {=1,...,L; (XII.2) 
i 


e J + 1 equations of state 
p= o(v’, T,..., N’,...) = gp (v!, T) =-:: = @i(vi, T); and = (XII.3) 
e [+ J — L equations of chemical equilibrium. 


These latter are obtained by seeking, at constant p and T, either directly 
or by iteration, the constrained minimum—by the L equations (XII.2)— of the 
specific Gibbs free energy g of the molar system (N',i = 1,..., I; N’,j = 1, 
..., J). The crux of the problem now resides in the clarification of g. 

Let uG(p, T) be the molar chemical potential of the gas (i) in the gaseous 
mixture (N‘, i = 1,...,J) at pressure p and temperature T. Let p4(p, T) be the 
proper molar chemical potential of the condensed phase (j). Taking 
hypotheses (.%,) and (.#,) into account (see §1.2), we can write 


g => N'ui,(p, T) + Y Nip, T) (XIL4) 
i j 
Each of the above terms must therefore be evaluated in turn: for this purpose, 
it is convenient to introduce: 


e a pressure p° and a temperature T° called “standard”; 

e the proper molar chemical potential ji'(p, T) of the gas (i) if it were ideal at 
pressure p and temperature T; and 

e the function F associated with the equation of state p = g(v’, T, . N'.) of 
the gaseous phase by 


Flv', T, .N'.) = po'/N’RT, (XII.5) 


where is the product of Boltzmann constant k and Avogadro number -/. 
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Chemical thermodynamic calculations, detailed in Appendix E, then lead to 
the following expressions: 


1 7 NIAT 
RT Rye: T) = j'(p°, T) + Log —,— DD 
%0 OF \ dv’ 
$F —| + —~ ]—— XII.6 
f (s + Fm) yp’ \ 


p(p, T) = w(p°, T) + M? | vi(dp3/dv!) dv’. (XII.7) 
vj(p°, T) 
It is now sufficient to rely on the thermodynamic identity (g.3) of Appendix 
A expressed in the form which uses the chemical potential and molar 
enthalpy H 


on” (p. T) = 3 


(XIL8) 


to express fi'(p®°, T) and p/ ao T) in terms of the quantities tabulated in spe- 
cialized works (e.g., Janaf, Thermochemical tables). In fact, simple integration 
of (XII.8) first - 


7ip®, T) = zo Alp, T°) — {. AT) SS 
; iT (XII.9) 
= wp? T) = 75 H(P”, T°) — |. H/(p°, T) =a. 


Returning to the definition of chemical potential and introducing the molar 
enthalpies S' and S/ we finally obtain 


. r ~~ AT 
fi(p?, T) = 2 tC) — Sip, 7°) — | AToH(T) =>: 
/ T° 


(XII.10) 


ae FW _ 
3\- i 


T 

p(p®, T) = —H/(p®, T°) — S/(p®, T®) — \. AjoH(p®, DG 
Such detailed formulation deserves comment. It is usual to say that the 
enthalpy of a species is defined within a constant, but less usual to underline 
that this indeterminacy is only true for each species taken in isolation. Thus 
in a mixture the indeterminacy holds for the enthalpy of the simple species 
(often by agreement taken as equal to zero in the standard state), while those 
of compound species are perfectly determined compared with this reference 
by the standard enthalpies of formation. 

By combining any supplementary equation (E) with equations (XII.1), 
(XII.2), (XII.3), and J + J — L equations of chemical equilibrium, one line of 
(Y) can be determined. This is an isobar if equation (E) is p = constant, an 
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isochore if (E) is v = constant. It is the detonation arc (H) of the Crussard 
curve if (E) is the equation 


€— go = 3(p + Po)(Vo — 2), US Uo. 


It is an isentropic if (E) is the differential equation (i.3) established in Appen- 
dix A: 


de Op 
_* = 0, XII.11 
aq T) dT + Tart, T) dv =0 ( ) 


It can readily be seen that the first two families cited arise immediatey from 
the determination of the current point of (2). However, it can also be seen 
that the determination of (H,) and of the isentropes follows only on condi- 
tion that, on the one hand, the difference e — e, and, on the other hand, the 
thermodynamic coefficients (de/0T)(v, T) and (@p/dT)(v, T) have been suc- 
cessfully expressed relative to the 4 + I + 2J independent variables (p, T, v, 
v’,v, .N*.). The following two sections are devoted to establishing these 
so-called “normal forms.” 


1.4. Normal Form of the Internal Energy Variation e — e, 


Let e,(v’, T, .N‘.) be the specific internal energy of the gaseous phase of 
composition (. N'.) when the volume of the N’ moles is v’ and the tempera- 
ture is T. Let e/(p, T) be the specific internal energy of the condensed phase 
(j) at pressure p and temperature T. Taking account of the hypothesis (%,) 
(see §1.2) we can write 


@—ey)= (x vim’) [e,(v, T, .N’.) —e 9] + » N/M! [e/(p, T) — eo]. 
(XII.12) 


To calculate e — ép, as in calculating the Gibbs free energy g, it 1s necessary 
to revert to a “standard” state with temperature T° and pressure p”°. It is also 
necessary to introduce other quantities as listed and defined below: 


e e°, standard specific internal energy of the explosive substance; 

e ef, standard specific energy of formation of the explosive substance on the 
basis of the elements taken in the standard state; 

e (H?)*, standard molar enthalpy of formation of the species (A) considered 
in the phase which it possesses within the detonation products; and 

e v;, variation in the number of gaseous moles in the reaction of formation of 
species (A) under the condition defined above. 


Chemical thermodynamic calculations detailed in Appendix E now lead, on 
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the sole condition that p° is sufficiently low, to the expression 
e—ey ~ —ef + > N’[(HP)* — vf RT°] + €° — ey 
A 
+ ¥ NiATH(T) + © N/ATH4(p®, T) — N’R(T — T°) 
i j 


” OF Av’ 
, 2 a 
+ N'RT | aT (XII.13) 


ie 6) 


+ T? > NIM! | "8 (*) dvi 
J j(p°, T) oT T 


v 


~ p° » [v'(p®, T) _ vi(p®, T°)]. 


In (XII.13), all the quantities in the right-hand member are expressed as a 
function of the state functions ¥ and @/ or of tabulated values, with the sole 
exception of e? which cannot be found directly by experiment. One stage 
therefore has to be surmounted, that which allows evaluation of ef as a 
function of the standard specific heat of total combustion q?,,,, measured 
with a calorimetric chamber; this relation does not have a general form since 
it depends on the nature of the chemical species formed during total combus- 
tion; an example of evaluation will be given in §3.2 for the usual case of 
organic explosives. 


1.5. Normal Form of the Thermodynamic Coefficients 


Equation (XII.11) of an isentrope in (Y) shows that for its effective determina- 
tion it is necessary to know how to calculate the derivatives de/0T(v, T) and 
Op/0T(v, T) at point (v, T) of (Z). This calculation can vary greatly according 
to the mathematical technique used to find the chemical composition N* 
which leads to g(p, T, . N*.) being a minimum at a given p and T. 

A first method, which is the most usual today, applies an algorithm suit- 
ably derived from the simplex algorithm [55], without explicitly establishing 
the J + J — Lchemical equilibrium equations. The differentials shown above 
may then result only from numerical differentiation, i.e. may be approxi- 
mated only as the ratio of the difference Ae of the internal energy (Ap of the 
pressure) to difference AT of temperature at constant specific volume v. Then, 
strictly, the quality of the estimate can appear only as the result of a conver- 
gence study on all the domain of (Y) explored. 

A second method, now abandoned because it is less suited to modern 
computers than the first, consists in establishing an explicit expression of the 
equilibrium equations by considering I + J — L independent equilibria of 
the form 


0=) vis, g=1,....I+J-—-L, (XII.14) 
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to which the J + J — L chemical equilibrium equations correspond 
0= > ving(p, T) + >; viu(p, T), q=1,...,..+J—L. (XII15) 
i J 


Then the above derivatives can result explicitly from suitable eliminations 
within the linear system obtained by analytical differentiation of (XII.1), 
(XII.2), (XII.3), (XII.13), and (XII.15) (in the last the expressions of pi, and p/ 
to be taken into account are (XII.6) and (XII.7) established above). In fact, 
once differentiation has been accomplished, any thermodynamic coefficient 
becomes accessible with precision: not only de/0T(v, T) and dp/dT(v, T) but 
also de/dv(v,T) and ¢Cp/év(v, T), and then all the others by using the 
thermodynamic identities in Appendix A. These especially include the 
quantities which play a major role in the theory of the Crussard curve, the 
Griineisen coefficient G, and the square of the velocity of sound a? from the 
identities (i.9) and (/.4). 

These calculations do not present any theoretical difficulty; for this reason, 
it is sufficient to present the results in a form suited to numerical solving, 
such as is found, except for the notations, in Chéret [12]. The following 
symbols are used in Table XII.1 (a): 


6 the determinant of order 2 + IJ + 2J delimited by double solid lines; 

0, the determinant deduced from 6 by substituting for its first column that 
on its left subtitled (dT); 

0, the determinant deduced from 6 by substituting for its first column that 
on its left subtitled (dv); 

A, the determinant of order 3 + J + 2J obtained by bordering 6 on its left 
by the complete column subtitled (dT) then by the line written above 6; 
and 

A, the determinant of order 3 + I + 2J obtained by bordering 6 on its left 
by the complete column subtitled (dv) then by the line written above 6. 


With the help of these five determinants, which can be calculated from the 
expressions in Table XII.1(b), the six thermodynamic coefficients cited above 
may be generally expressed 


Op _ OF de — Ay 
aT D3 BFE DAF 
Op ) de A 
= _U —— — —_? 1 
a, T= > a, 1) 5° (XIT.16) 
Or vp? 62 
G=-— ee — J. 
Ay a 5 (3, + TH) 


Only one exception remains, for the states of (2) where the concentration 
of the chemical species j, is zero, in which case the determinant to be consid- 
ered is that which is derived from the “current” determinant defined above by 
canceling column 2 + I + J + jg and line 2+ 1+ J + jo. 
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Table XII.1(a). Matrix underlying the explicit numerical calculation of the normal . 
form of the thermodynamic coefficients. Quantities A, B', B,, C/, D/, E, F,, G, HY, J’, 
Ji, are defined in Table XII.1(b). 


<— —— J-— 3} —--y—--— |e J- 


“Singular” results will be given in §4.3, whose nature has been understood 
only because of the intrinsic precision of the calculations (XII.16). 


1.6. Validation Criteria 


Before discussing in greater detail the problems set by the equation of state 
of the gas phase of the detonation products and effective numerical solving 
of the equations of the current point of (2), it can already be seen, simply 
from the preceding subsections, that the quality of the evaluation of a point 
of (Z) depends on factors of widely differing types: 


e replies given to the preliminary questions (a priori list of species and 
phases, equation of state of each phase present); 
e tabulated thermochemical data; and 
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Table XII.1(b). Definition of the submatrix elements defined by dotted 
lines in Table XII.1(a). 


5 F 4 OF yr Oy OF) a0 
Vv. v.=— —_— V,.=——. («|| - 
7 ON! 7 ON! ON' S 40N'] v’ 


i 


—__ }" v4((H?)* + AT,H*(T)] — 
A 


( OF 
—_— V —-—-—__— — 
‘| (” (ae 07@ . ps 7 
J —-—T > d J —_— 
||. ” (3% avidT) ~~ r dT 60 Log v’ 
NRT NCA + NRL 
7 P OT Jo 
+) N/M! der 2 "T 
j dT oT bj 


(HP) — viRT° + AT.Hi(T) — R(T — T°) 


RT? v OF | yy 0?7F \dv' 
NOT. NOT) v’ 


ou) icorpe aT —{” @ 
(Hoy — vART° + AT.HA(T) + MT _ 
53 OT 

=> %; A(T) =H(p°,T), 64(T) = v4(p°, T); 


ei(T) = p°[v(p’, T) — v(p°, T°)] 
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e adopted method of resolution and numerical precision decided upon. 


Then, which yardstick is to be used to measure this quality? Which criteria 
are to be used? 

During recent decades, replies in the literature have been ambiguous and 
inconsistent, which simply reflects the uncertainty in detonation propagation 
theories. 

Starting from the asymptotic expansion method and its results (see Chap. 
IIT) it is now possible and necessary to adopt a definite position: 


To assess the validity of the calculations for (Y) it is necessary to locate point J on (9), 
and calculate the detonation velocity D,, compare D, with the spherically diverging 
detonation velocity extrapolated to infinite radius D%,; a necessary condition for the 
evaluation of (Y) to be satisfactory is that D, — D§, will be of the order of experimen- 
tal error for D&, (generally measured with a precision of a few parts per thousand). 


This criterion demands the following comments: 


e measurement of Dé, is more difficult, and thus less often undertaken, than 
that of D®, thus forcing substitution of the less reliable criterion D, = D§, 
for D, = D§ (see §XI.3.1); 

e the necessary condition is far from being sufficient since—as can easily be 
understood—this criterion only ensures a local quality in the vicinity of J, 
but by no means in the entire domain of interest which covers two orders 
of magnitude in pressure. 


To compensate for the local imperfection of the criterion D, = D®,, most 
authors have usually “completed” it by comparison of the calculated pressure 
p, (or the calculated velocity |u,.|) to one pressure p (or one velocity |t|) 
measured in an impedance mismatch experiment at the end of a tube or 
cartridge (see §X1.2.1). While these comparisons are of semiquantitative inter- 
est, since it cannot be denied that there is some correlation between p, and p, 
|ju,.| and U, at the present state of knowledge it is difficult to model this 
correlation so that validation based on criterion p, = p (or |u,,| = W) remains 
very risky. To understand the possible danger it is sufficient to recall that, not 
very long ago, a too sketchy interpretation of impedance mismatch experi- 
ments led Davis [21] to announce, wrongly, “the failure of the Chapman— 
Jouguet theory.” 

To increase the scope of the validation it seems preferable to use the 
“inverse method” proposed by Manson [40]. This method consists of: 


e introducing the variation of the velocity D, under one of the forms 


d Log D, = Zod Log Ty + Yod Log up, a 


XIT.17 
d Log D, = Zod Log Ty + Ad Logpy, (b) ( 


according to whether we are dealing with a solid explosive or a liquid 
explosive; and 
e linking coefficients 7) and Y (or Zo and A) to the initial state (v9, Ty, Po) 
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and to the C—J state (v,, T,, p,) by careful use of the jump relations and 
the Chapman—Jouguet condition. 


The relations established in [40], rewritten with our notation after cor- 
recting factual errors with the permission of the author, are 


1 | 2D? 1 | 2D? 
ral *7,+B,|=5-| 7. +B, | (a) 


A T A v 

' sp: 1 D2 ams) 
* GF! B —_— _ * Zp! B’ b 

wl 0+ 4 rake 0+ | ©) 


respectively, for the variations (XII.17a) and (XII.17b) where the eight 
quantities (A;, A,, B;, B,; Ay, A, By, B,,) are defined by 


2v2 + Govo(Vo — Vy) v 
A — 0) ovo O * B — C 0) 
T (C,)o Yo(Vo _ v,)? 5) T ( vo Vo — v,’ 
A, =(TC,)o 2G Uo ; YoDi —_ ag _= Yo(2v, —_ Vo)D2 — rode 
(Vp — v,) Yo(Vo — vV,) YoVo(Vo — vy) 
Ov Ov 
A, =A — ~= B —(p,T)| B 
T T+ | So. 1) A,, By T+ E (p, | v> 
Ov Ov 
AN’ = —— T A B’ =] 2— T B . 
p E (p, | vb p E (p, | v 
(XIT.19) 


The remarkable property of the relations (XII.19) is the fact that—apart from 
the initial state (v9, po, To), thermodynamic coefficients [Go, yo, ag, (C,)o | 
associated with this state, and velocity D,—they contain only one C—J val- 
ue, the specific volume v,; each equation in (XII.18) is thus capable of trans- 
formation into an equation which allows v, to be calculated (and thus p, and 
|u,.|) from measurements on the initial substance, measurements of D,, and 
the coefficients (7p, Yo) or (Zo, A). It must be stressed, however (see Bauer 
et al. [4] for compressed gas explosives), that the inverse method is practical 
and fruitful only if D& is a close approximation to D,. Once again, spheri- 
cally diverging detonation experiments become of interest. 


2. Functions of State 


2.1. Introduction to Estimation of F 


Returning to equation (XII.5) which defines the function ¥, it can be seen 
that the problem of its determination can also be posed as: What is the 
pressure within a mixture of N‘ moles (i = 1,..., J) if they occupy a volume 
v’ at temperature T without reacting? This is an unusual problem for the 
physicist, inasmuch as the existence in the mixture of moles of different spe- 
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cies cannot be ignored, but it is not a problem for the chemist inasmuch as 
the existence of chemical equilibrium within the mixture is excluded. 

Why is it so difficult to improve our knowledge of this function ¥? The 
answer is twofold. On the one hand, experiments can provide information 
only on the restrictions of ¥ for each chemical species taken in isolation. On 
the other hand, the theoretical problem is by no means easy, since the vol- 
umes and temperatures considered are such that the repulsions between mol- 
ecules of different species are not negligible. 

In the early 1960s, the more sophisticated theoretical evaluations of Fickett 
[25] for conventional explosive substances showed differences in D, — D® of 
up to 500 m/s, i.e., more than ten times the measurement error on D®,. This 
failure explains why semiempirical estimations of ¥ were then developed, 
which are still of current interest (see §2.2) in spite of the giant strides made 
in theoretical estimations since 1980 (see §2.4). Both have one or more adjust- 
able parameters whose “method of use” differs from one author to another 
according to the objective sought. 


2.2. Semiempirical Estimations of F 


To link up with the following subsections, the quantity which dominates 
analysis of the problem by statistical mechanics, the partition function 
4(v’, T, . N'.), will now be introduced. 

Statistical thermodynamics (see, e.g., Landau and Lifschitz) shows that the 
specific Helmholtz free energy of the mixture can be written 


f' = —N'RT Log 3. 


The corresponding pressure is given by the identity (f.2) in Appendix A, 
rewritten here as 


of’ . 
Ov 
These two equations lead immediately to 
OL 
p = N’ gp 7108 3 
Ov 
and then to 
0 Log 3 
F = ~——.. XII.20 
0 Log v’ ( 


It can now readily be seen that development of the calculations basically 
depends on the choice of function 4. 

The literature is not lacking in examples for this choice. We first note, as 
did Heuzé [27], those which postulate that the function 3 is: 
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Table XII.2. The four possible choices for the pair (F, K’). 


Adjustable 
F (x) K'(T) parameters 


1+x + 0.625x? + 0.278x3 + 0.193x* 


1 + xe" 
pi “(T + acwie = 


1 +x + 0.625x? + 0.287x? — 0.093x* + 0.014x5 =ior} 
Tx 


qa\3 
P.4q 


(1) a function of a single variable 


(11) such that Log 4 + Log x as 0. 
With these assumptions (XII.20) becomes 


_ 0 Log 3 
6 Logx’ 


Ge — 


Table XII.2 specifies the four possible choices for the pair (¥, K') and 
specifies the parameters where adjustment allows approximation to the crite- 
rion D, = D&. 

The first, called the van der Waals approximation, is based on the study of 
a gas containing hard spheres; B' is the covolume of species (i). 

The second, called the Becker—Kistiakowski—Wilson approximation, 1s 
based on the work of Becker [6a, b, c] and the successive improvements by 
the latter two [32a, b]. The publications of Brinkley and Wilson [8a, b], 
Cowan and Fickett [19], and Mader [38a, b, c, d] may be used to follow the 
history of the parameter k‘ which has the dimension of a covolume and which 
is determined, each time that this is possible, to account for the Hugoniot 
curve of species (i) taken in an initial condensed state. 

The third was recently proposed by Heuzé in a contribution to the calcu- 
lation of gaseous explosives under high initial pressures [27]: for each of the 
values of y (4 or 4) the author proposes a set of coefficients k’'. 

The fourth results from the reports of Percus and Yevick [46], Wertheim 
[54], Thiele[50], and Edwards and Chaiken [23]. To the extent that it 
is based on considerations concerning the interaction between molecules 
of radii r? and r’, this last so-called Percus—Yevick estimation is an ex- 


354 XII. Numerical Predictions 


cellent transition towards the “ab initio” estimations which will be seen 
in §2.4. Before this, the original “JCZ” estimations—after Jacobs [30], 
Cowperthwaite and Zwisler [20a, b]—-will be introduced and explained. 


2.3. JCZ Estimations of F 


The authors, in attempting to reduce to known situations, assume that the 
pressure p within the N’ moles results from the combination of: 


e the pressure in an FCC (face-centered cubic) crystal lattice of energy eg in 
volume v’ and at absolute zero temperature; and 
e the pressure resulting from the thermal contribution 


They therefore set 


des; N’RT 0 Log(4s + 3c) 
__ 1 4 CeO8los + a) XIL.21 
P do’ | u 6 Log v’ ° ( 
which is equivalent to 
v' des  dLog(4s + 3a) 
F-~1— Py 7 Pee XIT.22 
- N’RT dv’ r 0 Log v’ ° ( 


where 4, and 3, have the dimension of partition functions. The there basic 
stages in the calculation will thus be the expression of eg and the careful 
choice of 4, and 3g. 

The energy eg is calculated using a cellular model based on the work of 
Lennard-Jones and Devonshire [35]. Its explicit expression depends on the 
form chosen for the molecular interaction potential W(r), where r designates 
the distance between two fictitious molecules. In the JCZ 1 and 2 versions the 
chosen potential is of the type “Mie 12-6” (also called Lennard-Jones and 
Devonshire) 


fm [1/r\o 1 (/t\™ 
V(t)=e-——|]-(£) —=(4) |, ¢=12;m=6: (XI123a) 
¢—mi/f\r m\r 


while in the JCZ 3 version, the potential is of the “modified 13,5-6 
Buckingham” type (also called Mason-—Rice). 


fm | 1 r 1 /r\™ 


(XII.23b) 


Since the exponents “repulsive” ? and “attractive” m are fixed, there are only 
two parameters: equilibrium distance r and depth «¢ of the potential well at 
equilibrium. Since the authors finally preferred the latter version when using 
the validation criteria shown above (see §1.6), only the expression obtained 
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for eg in the potential case (XII.23b) is given 


ee me [Bo apy BE 1 
gig atm | exp 21 — 0) — im | 
} (XII.24) 
or 
0 TON 


where B™ (B) is the ratio of the repulsive (attractive) potential created in a 
node by the entire lattice to that created by the nearest neighboring “mole- 
cule.” Using the assumption made by Jacobs for a FCC lattice, B™ and B® 
can be calculated exactly 


B™ = 14.45, 


XIT.25 
B(v’) = 12 in the range of interest in v’. ( 


The term 3s is calculated from the fact that, at high densities, it predomi- 
nates over 4, and must therefore differ little from the value determined in 
the FCC solid lattice using the repulsive part of the potential. For the JCZ 3 
potential (XII.23b) and within the framework of Einstein’s harmonic approx- 
imation (see [20b] corrected by G. Pittion-Rossillon), we find 

Ne fm BY 
2 ~2/3 _ © = pi/s 1/3 1— = 1/3 XI1.26 
(25s) -RT7on Dd 2)-exp¢7(1—o™). ( ) 

The term 3g is calculated from the fact that, at average densities, it pre- 
dominates over 4, and that the corresponding pressure must differ little from 
the development of the virial calculated from the repulsive part of the poten- 
tial 


where the values of b,, are well known up to the sixth order (see [28]) 

but where B is the “covolume” associated with the intermolecular potential 
within the fictitious fluid. For a potential of hard spheres of diameter d, it is 
well known (see, e.g., [28]) that B is 27.7 d?/3. For the JCZ 3 potential 


(XII.23b), and within the framework of the Barker and Henderson [3a, b, c] 
approximation, it follows that 


2n E€ 1 m ¢ | 2x 
B = —_ 3/1 L = = __ 3 
(T) Zp] tats 85> — 3 don, 


where @ is Euler’s constant (0.577215665). 
A final series of assumptions is necessary, which links the “molecular” 
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interaction parameters ¢ and r within the fictitious fluid, to the molecular 
interaction parameters «' and r' within each chemical species present in the 
gas phase (the only cases calling on either theory or experiment). 
Cowperthwaite and Zwisler have opted for simple algebraic relations in- 
spired by the “Lorentz” rule for the equilibrium distance, and the “Berthelot” 
rule for the equilibrium potential. More precisely, they assume 


1 (" + y 
r = —_, N?®N4[ == , (a) 


g= - >, NPN4,/e?e4, (b) 
N? ¢ ] 


a | 


(XII.27) 


The practical interest of JCZ 3 will be considered in Section 4, but two 
indisputable merits must be stressed here and now: the fact that it is the first 
estimation adjusting to the level of the 2J molecular interaction parameters ¢' 
and r’, and the fact that it has resulted in an explosion of studies on ab initio 
estimations (§2.4), if only by the rethinking generated by controversial 
advances and hypotheses. 


2.4. Ab initio Estimations of F 


This section is based on a preliminary documentary work by G. Pittion- 
Rossillon. 

In view of the above presentation of the JCZ estimations and, in particu- 
lar, of the rather brief character of the transformation (XII.21), it may be seen 
that there is room for real progress in ab initio formulation of F, 1.e., starting 
from elementary molecular interactions. While some progress has been made 
by a very small number of authors, consensus between them is far from being 
established, if only for the reason that not one of them has yet reached the 
ultimate goal: strictly ab initio achievement of the criterion D§, = D, for all 
explosives, without notable exception. In the absence of such consensus, all 
controversy is avoided here, but directions opened up and sensitive points 
targeted. 

Two “doctrines” have steadily developed: 


(a) the first, more innovatory but still capable of substantial development 
has developed from: 

(i) a hard-spheres mixture model by Mansoori, Carnahan, Starling, 
Leland [42]; 

(ii) a pure fluid model by Weeks, Chandler, Andersen [2], [53], 
simplified by Verlet and Weiss [51] and extended to mixtures by Lee 
and Levesque [34]; it is illustrated by the articles of Chirat, Pittion- 
Rossillon, Baute [5], [15], [16], [17]; 

(b) the second, more conventional but better established, is found in exten- 

sions of the studies by Mansoori et al. [41, 42] and Rasaiah and Stell [47] 

improved by Ross [49]; it is illustrated by the articles of Ree [48a, b, c]. 
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(a) “Doctrine of the Effective Free Energy” 


In [53] Weeks et al. suggested that it is the repulsive part of the 
intermolecular potential which determines the major properties of the dense 
fluid. In the case of a spherical potential W(r) this working hypothesis leads 
to the equation 


V(r) = Vopr) + Vay (tr), 


where Vo) is a principal repulsion term while %,) is an attraction perturba- 
tion term. In a general way, a distance a may be introduced such that 


Vot=VN-Va, VNyH=V(a) if r<a, 
Vioy(r) = 9, Way(r) = V(r) if r> th (X11.28) 


However, the first idea—which is often returned to—is to choose the equilib- 
rium distance r as the value of a. The transformation (XII.28) leads to seeking 
the partition function 3 as a factorized form 3,9) X 3,1), with the specific 
Helmholtz free energy f’ in the form 


I” = fey + fay: 

In [42] Mansoori et al. established a procedure to calculate the Helmholtz 
free energy of a mixture of hard spheres with diameters d' (i = 1,..., I). This 
procedure introduces the volumetric fractions yn‘ and their sum n by 

"18 N'(d')? . 
6 vw” 7 = 2 > 


i 


a geometric coupling coefficient between species 
__ 4q\2 1/2 
Apa = N?N4(d? d’) (d?d*) 
N’); Nid’) 


two means d’ and d” 


d’' = Y APs? + d2)(d?d4)“42, 


p>q 
d” — y AP4(d? 2) 1/2 >> nia? | N'(d')°, 
p>q i i: 


and a weighted mean 7 of the volumetric fractions occupied 
3 
fi = b (n imprntyny® | , 


Finally, it provides the part of f(4) due to nonideality in the form of an 
expansion in 1 — 
_ 3d” +2yH 31-—d'—d’ — 7/3 
—3(1—d’' +d" + a 
| D+ ay 42d 


+ (q — 1) Log(1 — n). 
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It is necessary to stress an essential feature in this approach, that of avoiding 
the introduction of a mean hard sphere, whose physical reality seems dispu- 
table to the authors when the individual diameters d‘ are not very close. 
To end the preliminaries, it is still necessary to define the choice of d': that 
is when the options start. The general method adopted by Chirat, Pitton- 
Rossillon, and Baute is to start with the diameter dy, (see §2.3) calculated for 
the principal part of the potential proper to the species (i) 


fe Vi, 
a [ (oof) 


and then to correct it to allow for the environment with the formula 


di oe) r 2 yk (r) 
dy 1 ), Naha Per 


where the function wW(y) is chosen in the WCAa versions (a = 1,..., 4) 
according to the original criterion of Weeks et al. [53], and in WCASC 
according to a self-consistent (S.C.) criterion proposed by Verlet and Weiss 
[51]. 

In [34] Lee and Levesque calculate f(,, for a mixture. Having defined for 
each pair (p, q) of the mixture 


an “effective” diameter d?4 = 1(d? + d?%), 
anequilibrium distance r?4 = 4(r? + r7), 
an equilibrium potential ¢?4 = (¢?¢%)1?, 
a repulsion exponent LPI = (£Pf1)'2 
they show that the attractive contribution f(,, can be approximated by the 
sum 
2 n° 3 
— LL NPNA | gPt(r)- WR (r)- 1? dr, 
UV pq dpa 
where g?4(r) is the radial distribution function of hard spheres with diameter 


d’?, Options (WCA1, 2, or 3 for one part, WCA4 and WCASC for the other) 
now Start, according to the method chosen to calculate the integral. 


(b) “Doctrine of the Effective Potential’’ 


In comparison with this first “doctrine,” for which only a theoretical basis 
has been given, it is instructive to consider the second whose strong points, 
made by Ree in [48a, b, c], are as follows: 


(i) The properties of the true potential proper to each species cannot be 
considered as having only a negligible effect on the properties of the 
mixture. This is why it is necessary to give each species an “effective 
potential” of the exp. 6 type (r’, ¢', 7’) subject to distinguishing: 
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e those which obey the law of corresponding states (e.g., O,, N., CHg, 
CO,, CO), when argon is used as reference and one chooses 


Ti. 

i Ar crit i 

r’ =f E€E =€ 

2 = Ar? g g Ar? 
Torit v 


e those where the molecules show a strong electrostatic interaction (e.g., 
H,O, NH), in which cases a potential corrected by a factor (1 + 6'/T) 
is used; and 

e those where the molecules suffer a large number of three-body colli- 
sions (e.g., H,), when a special adjustment procedure is used and ¢' = 
11.1. 


(11) It may be sufficient to consider each phase of the mixture as an average 
fluid endowed with an effective potential of type exp. 6 where the param- 
eters r, ¢, ? would depend on the composition (. N'.) by 


N? N4 


re = a —(r?4)°, 
r LN Tae! 
N? N&@/rP4\3 
;= ye (e) P4 
pqaN N\r 


NP N4 (7?9\3 (¢?4 
f= = = ] £4, 
» N'N ( r ( é 
where the parameters r?%, 6?%, 7?" are given by the equations already 
presented for the first “doctrine.” 
(111) The Helmholtz free energy of the mean fluid f’ may be calculated by the 


so-called MCR variational procedure given in Mansoori and Canfield 
[41] and Ross [49]. 


2.5. Introduction to the Estimation of g/ 


From the example of solid carbon which is often present in the detonation 
products of an organic explosive, the necessity has been seen, in §1.2, of 
considering condensed species (j) within the “final substance” resulting from 
the detonation of an explosive, and in §1.3, of giving each of them a law of 
state p = ~/(v’, T). 

One of the first ways to handle the function @/ is, as it were, to avoid it, 
while being satisfied with the incompressibility hypothesis. Density p° which 
it possesses under the standard conditions (p°, T°) is therefore assigned to 
species (j). The procedure is rather crude, but it is convenient, and above all 
it is justified in practice when the concentration of the species (/) is low, e.g., 
for alumina in an explosive doped with aluminum. However, it is quite un- 
suitable for an organic explosive where the concentration of carbon in the 
detonation products is high. There is a final problem, not noticed for some 
considerable time, that it is only applicable when there is no ambiguity in the 
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choice of p°. Such an ambiguity does occur in the case of carbon, since one 
may a priori opt for the density of graphite (2.25 g/cm?) or of diamond (3.51 
g/cm?) or even for intermediate values based on differing arguments! We will 
return to this very topical question in §4.3, only noting here that the question 
was not even raised until about 1980, the option being taken in favor of 
graphite. 

Independently of this latest, recent objection, the reason put forward con- 
cerning high-carbon explosives has resulted in great efforts to estimate the o/ 
function of graphite. The Cowan and Fickett formulation [19] is very widely 
used: pressure p is given as a function of compression 7 = p/p° and tempera- 
ture T by 


p= a(n) + b¢a)-;hs + etn) (ts) 


a(n) = —2467 + 67697 — 695677 + 30407? — 386n%, (XII.29) 
b(y) = — 19.54 + 23.37n, 
c(y) = 0.61758 — 0.57995n~* + 0.2278n-?. 


The coefficients are obtained by adjustment of the Hugoniot curve for graph- 
ite and of the coefficients of compressibility and dilatation in the standard 
state; the range of validity shown is 0.95 < 9 < 2.5, T < 2 eV. 
The formulation (XII.29) has not always been unanimously accepted: Ree 
[48a, b, c] prefers an equation from the work of Murnaghan [45] by taking 
account of the low values of y — 1. 

However, it now appears that the choice of @? is less critical than the a 
priori choice on the condensed species present in the final substance. 


3. Numerical Codes 


3.1. Algorithms 


As was shown at the beginning of §1.3, the system to be solved is composed 
of L + 1 linear equations (homogeneity equation (XII.1) and the L equations 
of conservation of atoms (XII.2)) and by J + 2J + 1 — L nonlinear equations 
(J + 1 equations of state and J + J — L equations of chemical equilibrium). 
Two remarks must be made in this connection, which illuminate all the 
studies generated by the system: 


(i) its nature is hybrid in the sense that it does not use any solution method 
which is proved and clearly marked as to convergence and precision; and 

(11) its mathematical complexity depends largely on the chemical complexity 
of the “final substance” and on the physical complexity of the state 
functions F and ¢~/, so that enormous progress has been made since the 
introduction and development of computer calculations. 
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Table XII.3. Simplified history of calculation codes in the United States and France. 


RUBY 


Minimum 
FORTRAN at the BRW [38b], 1962 
BKW Helmholtz [38d], 1962 
free 


TIGER 
CHEQ 


LA MINEUR 


energy 


Chemical 
equilibrium 
equations 


[7], 1960 
4 13 [52], 1960 
ARPEGE 10 35 52 >2 


ETARC not published not published 


In fact, the purely mathematical difficulty is not the least of all those which 
have to be overcome by authors of codes for calculating explosives, so that 
the solving algorithm has been, and is, considered valuable information that 
needs to be protected with the same secrecy that surrounds the manufacture 
of certain explosives. We therefore limit ourselves here to some generalities, 
referring unsatisfied readers to the information given in the references cited 
in Table XII.3. 

For the sake of clarity, it is convenient to distinguish between two periods. 
The first extends over the twenty years starting in 1941, when automatic 
calculation methods were few and limited; chemical equilibrium equations 
were written exactly (see Brinkley [9]), but, in seeking to solve the complete 
system, an attempt was made to reduce the number of species taken into 
account and the complexity of the functions of state. The second period 
started shortly after 1960: the first IBM 7030 computer appeared; methods 
for minimizing the Helmholtz free energy became widespread, based on the 
articles by White, Johnson, Dantzig [55] and Dorn [22]; the CDC and 
CRAY scientific computers brought gains of several orders of magnitude 
both in computing speed and in memory capacity. 

Having already referred indirectly to the first period by noting the history 
of the BK W estimate of ¥, we will now limit ourselves to analyzing the 
second, stressing the driving forces in development. There are two: 


Minimum 
of the 

Helmholtz 
free energy 


(i) to increase the numerical capacity of the code to take into account pro- 
gressively larger numbers of atoms, species, and phases; and 
(11) to increase the logic capacity of the code to take into account the possible 
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disappearance of J’ condensed phases (1 < J’ < J). The history of codes 
in the United States and France is given in Table XII.3 with reference to 
these quality criteria. 


However, since 1980 and the appearance of the first ab initio estimations 
of ¥, a new trend is appearing. The performances noted above have reached 
such a level that the corresponding criteria lose their dominance compared to 
other logic capacities: that of treating the equilibrium between two solid 
phases (specially for graphite/diamond), or that of allowing segregation of the 
gas phase [37]. We will return to these new aspects in §4.3. 


3.2. Thermochemical Data 


We return again to §1.3 where the equations were established which control 
the calculation of the current point of (Y). The specific Gibbs free energy g 
was considered there, and transformed in order to obtain an expression 
which, apart from the functions ¥ and @/, only contained quantities listed in 
specialized studies. It is thus shown that it is necessary to know: 


e the variation A1,H'(T) of molar enthalpy between T° and T for the gas 
species (i) supposed ideal; 

e the variation A},H(p°, T) of molar enthalpy between T° and T for the 
condensed species (j) at standard pressure p°; 

e the standard molar entropy S‘(p°, T°) for the gas species (i) supposed ideal; 
and 

e the standard molar entropy S/(p°, T°) for the condensed species (/). 


In general, enthalpies are set out in tabular form in various publications, 
of which the most systematic and most complete is the JANAF Thermo- 
chemical Tables published by the U.S. Department of Commerce. But these 
tables do not lend themselves conveniently to a numerical solving of the 
equations. It is, therefore, almost obligatory to choose a simple algebraic 
formula—but one which conforms to elementary theoretical consider- 
ations—and to adjust its coefficients to find the values in the tables with a 
maximum error fixed in advance. Entropy values are also available in pub- 
lished tables but, even more than for enthalpies, it must be remembered that 
these tables lag behind specialist publications, so that reference must still be 
made to values cited in monographs. 

We now return to §1.4 where the normal form of the variation e — e, in 
the specific internal energy was established. In (XII.13) we see: 


e the standard specific energy ef of formation of the explosive derived from 
the elements taken in their standard state; 

e the variation in the specific internal energy e® — e, between the initial state 
and the standard state of the explosive; 

e the standard molar enthalpy (H?)* of formation derived from the elements 
of the chemical species (A) in the phase in which it appears within the “final 
substance”; and 
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e the variation v/ in the number of gas moles in the formation reaction 
considered above. 


By way of illustrating the task to be accomplished, we cite the choices 
made in [12] with regard to organic explosives of composition C,H,O,N,. 
The standard state adopted is 


p° = 1 atm = 1.013249 bar, 
T° = 298 K = 25° C. 


The variations in enthalpy are represented by the Kelley function 


T T \? T \3 1000 
B __\4p,(—_) +B,/—_) +B,(—), 
+ Bi (a5) + -(so00) uv +( ono) uv ( ~) 


where the coefficients By, ..., B, are adjusted in such a manner that the 
representation does not differ from the tabulated values (in the most recent 
or most reliable study) by more than 150 cal/mol-deg in the interval (T°, T*). 
Table XII.4 collects the values B4...B4, T+, (S°)*, (H?)*, M* as well as the 
references which have served as a basis for the chosen determination; it also 
recalls, to avoid any ambiguity, the values of v;; it must be completed by the 
value taken for the ideal gas constant SR = k.W/: 1.98726 cal/mol-deg. 

The quantities e° — e, and e? have still to be calculated. For the first, only 
some thermodynamic coefficients of the initial explosive substance are re- 
quired, as may be seen by referring to the identities (/.5), (j.2), and (j.3) in 
Appendix A. The second is usually evaluated from the standard specific heat 
Geom» Of total combustion measured in a calorimetric chamber, in line with 
conventional thermochemical reasoning (see, e.g., Médard [43]) 


€P = deame + (HP — RT.) + 5 (HP — RT v,)H20 


The value used for (H?)"2° "4 is that cited by reference (1) in Table XII.4 


(H?)#2° "#4 = — 68,317 calories/mole. 


3.3. Ab initio Parameters and Floating Parameters 


The review of estimations of ¥ given in §§2.1—2.4 has shown—at widely 
varying levels—parameters which are expected to be fixed either by physical 
shock experiments and/or by molecular dynamics numerical experiments 
(“ab initio” parameters) or by means of an adjustment to satisfy the validity 
criterion D, = D§, of §1.6 (“floating” parameters). 

In the first category there are I covolumes k’ of the semiempirical 
estimations, the two I parameters r' and ¢' of the JCZ 3 estimation, the three 
I parameters r’, ¢', 7‘ of the ab initio estimations. 

The second category includes the parameters x and B of the BK W estima- 
tion, A of the Percus—Yevick estimation, etc., but also, less explicitly, the 
factor y(n) of the WCA estimations, and even the 0‘ coefficients introduced 
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Table XII.5. BK W covolumes and exp. 6 potential parameters: comparison of 
values used by different authors. 


Covolume BK W Exp. 6 potential parameters 
ki 
(cm3/mole) 


Pan [ae oe [oe 740 eb fs Lo br 


by Ree in the intermolecular potential of H,O on the one hand, and NH; on 
the other hand. 

To attempt to size up the “ab initio” character of the parameters qualified 
as such, Table XIJ.5 compares the values published by a few of the more 
prolix authors. It is clear from this that the covolumes k’ are nearly constant, 
except possibly for those associated with the most asymmetric molecules 
CO, and H,O. But a contrario it also appears that consensus is far from 
being established for the exp. 6 potential parameters, even for a molecule as 
simple as N,. This observation calls for prudence both in classifying parame- 
ters and in establishing a hierarchy of codes with respect to the quality of the 
prediction. The following section, in which results are compared, is instruc- 
tive in this regard. 


4. Results 


4.1. Points of Comparison 


As has been shown in §§XII.1—XII.3, the constituents of a numerical code for 
calculating explosives are multiple. It is therefore not surprising to find in 
specialized publications a great number of variants where it is often difficult 


to specify the precise differences, whether they stem from the thermochemical 
data or from the parameters. 
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Furthermore, few explosives have been the object of measurements of D? 
which are precise “enough” and of large “enough” diameter, “enough” being 
understood to mean that they provide a good approximation of the quantity 
D®, to be used in the validity criterion in place of D§.. 

For these two reasons, rather than an undifferentiated comparison spread 
over a large number of codes and a large number of explosives, we prefer a 
comparison limited to: 


e a few codes which have been fully described: FORTRAN BKW, LA 
MINEUR, TIGER BKW, TIGER JCZ 3, ETARC WCA4, CHEQ; and 

e two well-defined explosives which have been intensively studiedafor more 
than forty years: PETN (solid) and nitromethane (liquid). 


Several observations can be made when reading Tables XII.6 and XII.7, 
where results and references for PETN and nitromethane, respectively, are 
collected: 


(1) the agreement of D, and D®, to within 1 m/s given by LA MINEUR 
results not from a prediction in the strict sense, but from an ad hoc adjust- 
ment of parameters «x and f in the BK W estimation of ¥: it is therefore 
not a proof of the a priori validity of the code, but the consequence of the 
procedure of using the code; 

(2) without ad hoc adjustment of floating parameters the relative deviation 


Table XII.6. Penta-erythritol tetranitrate (PETN) at different densities po. 
Comparison between D? (¢ > 1 in.) and D,. Comparison of evaluations of p, and T,,. 


Experimental Results obtained 
results from experimental codes 


Po D? (mm/s) D, 
(g/em”’) | @>1inch | Ref. (mm/us) | p, (kbar) Ref. 
, 


5.55 [18] LA MINEUR 5.549 88 3984 [12] 
ETARC WCA4 5.494 80 4899 [16] 
FORTRAN BKW 
LA MINEUR 
8.30 [Tt] TIGER BKW 
TIGER JCZ3 


3 
7 


6 
1.77 
(crystal) 


FORTRAN BKW | 8.056 280 3018 | [39] 
LA MINEUR 7.979 264 2958 | [12] 
ETARC WCA4 


CHEQ 


[t] cited in [48b] in referring to [29]. 
[4] cited in [39]. 
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Table XII.7. Nitromethane at standard conditions (py) = 1 atm, Ty = 25° C). 
Comparison of values Df, and D,. Comparison of evaluations of p, and T,,. 


Experimental results at 
Ty = 25° C Results obtained from calculation codes 


DP, 


FORTRAN BKW 
LA MINEUR 
>99% | 1.131 [21] TIGER BKW 
TIGER JCZ3 
ETARC WCA4 
inverse method S+5. 
Inverse 118 
om 1.127 6.25 [10] method a 3% prés 


between D? (or D2) and D, can reach 1.5%, while the relative error in 
measuring D? 1s six times less; 

(3) If the TIGER BKW evaluation (suspect in more than one way) is ex- 
cepted, it may be seen that the different evaluations of p, differ by +5% 
from the LA MINEUR value, both for crystalline PETN and for 99% 
nitromethane; this relative difference reflects both the distance between 
D? (or D&) and D, and the high sensitivity of p* to a variation of D, 
obtained by varying the floating parameters of the code; 

(4) in the case of 99% nitromethane, there is excellent agreement between the 
value of p* obtained from LA MINEUR and that obtained from the 
inverse method; and 

(5) the BK W evaluations of temperature T, are systematically lower than ab 
initio evaluations by more than 1500 degrees for PETN, but little more 
than 150 degrees for nitromethane (again excepting the TIGER BK W 
value) without any apparent explanation for this discrepancy. 


To summarize, it must be said that, in spite of considerable theoretical 
progress and almost unlimited digital processing capacities, the codes diverge 
considerably, even in the simplest cases. It is probable that unison will even- 
tually be achieved, but the least that can be said is that the way in which it 
will be achieved has not yet been found. In any case, observations (1)—(5) 
above show the great advantage—/for the numerical evaluation of C—J state 
quantities—of the careful use of floating code parameters so that the most 
directly and easily accessible experimental quantity, ic, D? or D®,, may be 
“restored” by the code. They also explain why users of explosives, lacking a 
perfected tool, are forced to determine (Y) not point by point but by means 
of an analytical representation of (ZY) suitable for numerical solving of equa- 
tion (VIII.5). 
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4.2. Analytical Representation of (Z) 


The very structure of system (VIII.5) invites a search for a representation of 
(Z) in which the independent variables are specific volume v’ and pressure p’”, 
while the dependent variables are specific internal energy e” and temperature 
T°, in the usual domain of thermodynamic changes in the detonation products. 
According to the introductory statement in §1.1, this domain is a narrow 
interval of (2) bounded by the isentrope s = s,, framing the Chapman-— 
Jouguet pressure p, 


Sy, SS < 2s,, 


vy (XIT.30) 
= <€v< oo. 

2 
This reference to a sufficiently well-defined domain explains the method gen- 
erally used to construct the representation of e?(v’, p’) that will be discussed 
first, leaving examination of T? for a later state. (N.B. For reasons of clarity, 
the superscipt b is omitted in the remainder of §4.2.) 

The specific internal energy, the pressure, and the Griineisen coefficient 
along the isentrope s = s, are designated e,(v), p,(v), and G,(v), respectively. 
In the vicinity of this line in () and for a fixed v, the following expansion can 
be written 


v 2 
e(v, p) = e,(v) + Gw" — p;) + O(p — pj) (XII.31) 


and it should also be noted that 


e(v) — e? = | . p;(v) dv. (XII.32) 


v 


Equations (XII.31) and (XII.32) can be used to construct, for the interval 
(XI1I.30), a representation of the form 


oO — v —_ : * . 
e(v, p) — e? = Gv)” Pi) +| p;(v) dv, (XII.33a) 


v 


which can be conveniently transformed to 
G. 00 G. 
p = p,(v) — a) | p;(v) dv + SNe — e;°). (XII.33b) 
Having to choose the function G,(v), Fickett and Wood [24], and a num- 
ber of authors following them, chose to represent 
G,(v) = Y = constant, 


which ignores the variation of G between its value G, in the C-—J state 


(0.5—0.7 according to the explosives) and its value y — 1 at ordinary pres- 
sures. 
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However, for the function p,(v), the literature is characterized by a profu- 
sion of options and variants. It is left to the reader to study the numerous 
expressions; Table XII.8 shows only those which are demonstrably 
instructive: 


e the term Av °@ shows the affiliation to the polytropic model (see §II.4.1); 

e the term A’v-“*® shows the affiliation to an ideal gas model with y = 
1+9; 

e the exponential terms show the care taken to ensure agreement in con- 
serving the computable character of the integral in (XII.33b); and 

e the parameters are adapted in number to the available experimental data. 


We will explain the last point and at the same time throw light on the last 
column “adjustment variance” in Table XII.8. 

In a general way determining the parameters can result only from the local 
knowledge considered to be available as to the isentrope s = s,. In this re- 
spect the C—J state itself is of first rank importance. In fact, I’, designating 
the local polytropic coefficient of the C—J state (I, = a2/p,v,), the jump 
relations (I.26b), and the Chapman—Jouguet relation lead to 


D2 
r, = — —1, (a) 
P. ° (XII.34) 
v, = Vo ——*—. (b) 
+ °T, +1 


which may be used to determine I’, then v, derived from D,, (estimated by 
D§,) and p, (estimated by the inverse method or by a numerical code). Then 
the identities 


pi(v,,) = Px> 
pi(v,.) — D,Py/Vx> 


constitute two relations between the parameters. However, they may be com- 
pletely determined only by an adjustment of states s = s, which are: 


e close to or far from the C—J state according to the weight given to the 
pressures close to p, and to the pressures close to the ambient pressure; 
and 

e usually estimated by the method following from the experiment noted in 
§XI.2.1. 


The representation of Fickett and Wood [24] constitutes an interesting 
limiting case: according to whether one chooses to use for Y the value G, 
(calculated by a numerical code) or the value y — 1 of the ideal gas (with 
4 <y < 4) it is obviously adapted to the study of the vicinity of p = p, or of 
that of the low one pressures (1 bar to a few tens of bars). But, a contrario, this 
example shows clearly that only the representations with an adjustment vari- 
ance at least equal to two may be admitted in the entire domain defined by 
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(XII.30). The practical interest of the formulations of Wilkins, or Jones— 
Wilkins—Lee [33] is thus explained, although their defects cannot be con- 
cealed. To cite one example among others: elementary examination of the 
JWL expression for p,(v) shows that I;(v) tends to 1 + Y as much when v 
tends to zero as when v tends to infinity, and thus presents an extremum 
whose physical reality is, to say the least, doubtful. In any case, introduction 
of the exponential term by Wilkins et al. [56] is a response to a deliberate 
decision to introduce a maximum for I(v) in the interval (v,, 00), based on 
experimental results which now appear very disputable. However that may 
be, with its two exponential terms, the JWL expression for p,(v) doubles the 
“risk” of a maximum. Effectively, for hexanitrobenzene, Ree [48a] reports the 
existence of two maxima and one minimum in the interval (v,, 00) of practi- 
cal interest. It must therefore be noted that although the JWL expression of 
pi(v) has been adjusted to take account of the cylinder test, although the 
results of this test depend essentially on work produced by the expansion of 
detonation products, and although the function I,,(v) is directly linked to this 
expansion, it cannot be expected that the JWL expression will provide an 
adequate physical variation of I, which, it must be remembered, is a second 
derivative of the internal energy. In conclusion, it seems rather too weak to 
say that the problem of the representation e(v, p) of (Z) in the domain 
(X11.30) is still open: a new way is shown by Chéret [11] and summarized in 
the following subsections. 
We know three things about the variation of I;,(v): 


(i) at high dilutions, its value 1 + ¢ is that of an ideal gas composed of 
diatomic and triatomic molecules, and thus between Z and 2; 
(11) at high compression, its value is that of an ideal gas composed of 
nucleons and electrons, and thus close to 5/3; and 
(iii) in the Chapman—Jouguet state, its value I, does not differ from 3 by 
more than 20% [see, e.g., values in Tables XII.6 and XII.7 derived from 
(XII.34a) ]. 


The simplest variation of I" is thus of the shape indicated in Figure XII.1: 
monotonic increasing for v < 0, monotonic decreasing for 6 < v < +00. 
Moreover, the very definition of I, 


dp; Pi 
= —7.fi 
dv ‘yp? 


and its immediate consequence 


d*p;_ Tidp, pidly pi 


show that the condition (II.16c) of positive curvature of the isentrope p,(v) is 
certainly satisfied in any interval where the function I,(v) is itself monotonic 
decreasing (dI’;/dv < 0). From this last observation and from Figure XII.2 
the idea follows naturally of trying to find a representation of (Z) in the 
domain (6 < v < 0, s, < 1 < 2s,) derived from a function I,(v) which will be 
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Figure XII.1. Diagram showing the simplest variation of the function I(v). 


a maximum in v = 0 < v, decreasing toward [,, = 1 + Y as v increases from 
d to infinity. 

Before going further into the choice of I,(v), it is useful to note two conse- 
quences of such a monotonic variation of I,(v). In the first place, two elemen- 
tary integrations show that the variation of specific internal energy can be 
put in the form 


vp,(v) 


rw oi + O(T —I,,), (XII.35) 


é;(v) — e,(00) = 


formally identical to that of a polytropic fluid except for the term Or — I,). 
Moreover the Riemann integral of the isentropic flow s = s, 


6, = -| aid Logv = (I;p,v)'? d Log v (X11.36) 
can be put in the form 
2a; ~ 
= 4 QO(T — 
OF T,(v) __ 1 + ( I.) 


formally identical to that of a polytropic fluid except for the term O(I — I). 
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It remains to define the function I;(v). The inspiration for this is the anal- 
ogy which the representation of I’, presents on the half-line v > 0 with that of 
an intermolecular potential from the equilibrium distance to infinity. 
Subsection 2.3 showed two very widely distributed formulations: Mie type 
and the modified Buckingham type. For reasons for symmetry, the first type 
is taken here, in the form, 


f+1 m+ 1 


f[. p\mtt _ | Na ? 
(1 + Log F 1 + Log F (XII.37) 


R>0; ¢>m20. 


Supposing that y = v/i and ny = 1 + Log v/d, the following is deduced by 
differentiation 


1 dr, / 1 1 \1 
(¢+1)(m+)R dy \y2t? nm? ]y’ 


1 aie | (Bae rs) +( 1 =) | 
(¢ 4 1)(m 4 1)R dy? _ ymts nots ymt2 not? y?’ 


which show that dI,/dv is zero at the two ends of the interval (6, +00), is 
negative everywhere else, and reaches a minimum for a unique value v(7, m) 
such that 

m+2 +2 1 1 
—srar + sa — =z = 9. 


7) 


Using the same notation, it follows by integration 


R 
y FFM REFI) exp ea __ im ifm = 0, 


+1 1 1 1 
yat# exp} —R|“*1 (1 -*)-™} (1 - 2) It. ifm > 0 
m n t n 
(XII.38) 
where p is the value which p, takes in v = 3. It is of little value to use (XII.37) 


and (XII.38) to explicit (XII.35). However, it is useful to note that its practical 
form is: 


—m+1 
| 


"S| 9 


vp;(v) 


@-—@g9 =O? —eyg + 


where the variation ef — e, of specific internal energy between the final sub- 
stance relaxed infinitely at constant entropy (s = s,) and the initial sub- 
stance 1s computable as a function of the C—J state 
v mw 
e? — ey = ey — eg * + OF - Ty), 


* 
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This calculation is remarkably simple if py is disregarded compared to p,; in 
which case (see §III.5.3) the jump relations (I.26b) and the Chapman—Jouguet 
condition (II.20) can be written 


ay Me _ Ts 
D, wv T,+1 
p p Ds 
O ) 
* r,+1 
Dlx 
e eo = ; 
+ 0°" OY, 
so that within O(T — I) 
ea lr, +1 0.0, = — Pao D2 
27,7, —1)°* * 2r, — 1) 2(r2 — 1)’ 
and finally 


2 
Pee _ eat +0F—F,). — (X1L39) 


Provided that, on the basis of (XII.38) 


e;(v) — &g = 


; vp;(v) 
ro —1~ 


a simple yet expressive result can be drawn from (XII.39): if the detonation 
products are expanded completely starting from the C—J state, then the inter- 
nal energy of each unit of explosive mass will be reduced, compared to the 
initial state, by 
D; ~ 
Ae = 20? —1) + O(T — I,,). 

This result is of great practical significance: the quantity Ae gives, in some 
manner, a measure of the maximum specific energy to be expected from an 
explosive. In this sense, Ae or a conventional fraction of Ae can be chosen as 
specific energy ey of the explosive in the so-called “with energy release in the 
mesh” variant of the computational algorithm for flow with detonation (see 
§VIII.3.2). Taking account of the orders of magnitude (D, ~ 8 mm/us, 
I, ~ 3), the origin of the “tonne of TNT” as unit of energy that replaces the 
gigacalorie to measure the energy of a chemical or nuclear explosion is also 
explained in this way. 

At this stage there are six parameters in the model; é, p, R, GY ¢, m. How- 
ever, as for the other representations, two “a priori” relations generally exist 
among them which are provided by our knowledge of the C—J state: D,, 
estimated by DE, p, estimated by the inverse method or by a numerical code. 
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Then the identities p,(v,) = p, and T\(v,) = T, = (p9D2/p,) — 1 allow R 
and p,./p to be expressed as functions of FY y,, 7, m: 


+1 m+4+1)\" 
R=,-1-9(S2r-™ A) 
k k 


_ _ R _ 
: ye PgR” exp ea _ neh if m= 0, 
* 


Bp C+1 1 1 1 
ya exp} —R| 14 -5)-™} (1 all if m>O, 
m Ns t Nx 
(X1I.40) 
so that the adjustment variance is reduced to four if m ¥ 0, to three ifm = 0. 


Study of the variation of I,(v) shows that choosing m = 0 has the advan- 
tage of simplicity and of separating the floating parameters: 


e & controls the representation of (Z) outside the isentrope; 

e ¢ controls the variation of I,(v) in the vicinity of and at infinity; and 

e y, controls the position of the C—J state with respect to 0/, ie, with 
respect to the minimum of dI,/dv; 


which supports a reasoned adjustment procedure for experiments (see 
§XI.2.1) where a “plane” detonation breaks frontally in different media. For 
the first of these, the experimental pairs (material velocity u, pressure p) are 
to be compared with the “model” pairs defined by the expressions (XII.36) for 
6;, (XII.37) for T;, (X11.38) for p;, and the Riemann equation 


u—u, +0; —o, = 0. (X11.41) 


And what about representation p(v’, T’), also required for the complete 
solution of equation (VIII.5)? This question is seen to be very different from 
the preceding inasmuch as it has already been clearly grasped when discuss- 
ing the estimation of the function F, defined in §1.3 by the equation (XII.5) 
rewritten below in the form 


NRT . 
p= p’ Fv’, T, .N'.). 


However, it does not amount to this, insofar as an attempt is now being made 
to find a representation of (Y) and therefore an expression in which neither 
the species composition nor the phase composition appears. Trials in this 
area are few. That of F. Chaissé et al. [to be published] is distinguished by its 
coherence: it relies on the formalism of the virial and seeks p in the form 


pu —~{4 ba)(T) 4 b,2)(T) 4 b,3)(T) 4 by)(T) 
cT D p* p° p+” 


in which appear: 
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e b,, functions (see, e.g., Hirschfelder [28]) which are known if an effective 
intermolecular potential for the equivalent monofluid is defined; and 
e reduced variables 


where r and ¢ are the parameters of the L.-J. and D. potential (XII.23a), and 
c iS a parameter whose dimension is that of a specific heat. 


4.3. Singular Lines on (2) 


Among the causes of imperfection in the numerical predictions, there is one 
not yet mentioned, whose nature is of a theoretical order and whose occur- 
rence is linked to the existence on (Q&) of singular lines on crossing which the 
number of phases “jumps” by one unit. To approach this difficulty, a 
thermodynamic identity is necessary, which will be established in the follow- 
ing paragraph before two examples are considered. 

Consider a fluid (specific volume, v; specific entropy, s; specific inter- 
nal energy, e) in the vicinity of a line Y of the surface of state separating a 
phase a from a homogeneous mixture of two phases « and f in homobaric— 
homothermal equilibrium (pressure, p; temperature, T). Denote by ¢« and 
1 — e the specific proportions of B and « and choose v and T as normal 
variables: the hypotheses of homogeneity and homobaric—-homothermal 
equilibrium imply 


v = ev?(v, T) + (1 — e)v%, (a) 
e(v, T) = cE*(v2, T) + (1 — JE(v%,T), (b) (XII.42) 
p(v, T) = p*(v’, T). (c) 


We wish to find the sign of the jump in the slope of an isentrope at the 
junction of Y,i.e., the difference 


Op 
Ov 


For this we evaluate each term of the difference by making use of identities 
(j.4) and (i.3) of Appendix A 


O T 2 
Pv, s) = OP iy, T) —— OP Wy, T) |’, 
Ov Ov Cy 


%s) %,) a T a 2 
oP (vt, s*) — P (v%, T) et i (v", p| ) 
Ov v Co 


OP" oat 
v, 8) — (0, s ). 


Gy) 
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then, like Bethe (see Ref. [4] in Part m we form 
ap a p ° 
Cy <P (v, S) ~ ’ )|= eas Cy OT oP ww, T) — | oP arp le p| 


dp T Op" 2 
— —_ — XIT.43 
c| OF *(2) | ( 


and finally eliminate the quantities referring to the mixture in the right-hand 
side of the equation, i.e., 0p/OT and c,. The first, because of (XII.42c), can be 
written 


Op _ Op* 0p* 
aps T) = aq (0% T) + apa (Ys 1-5 (0 T). (XII.44) 


The second, by making use of (XII.42a and b) and of ¢ = 0, can be written 


a4 de~ ef — e* | dy* 
C=C — —____ | __, 
° ? Ov™ vv —v* 1 0T 


which, from the Clapeyron formula 


and the identity (/.4) in Appendix A, becomes 


cos eg + 1] BP | Oe 


OT OT {OT 


Op" Ov? 2 

Ov*\ OT) | 

Finally, the right-hand side of equation (XII.43) is written as the sum of three 
terms 


op Op” dp* dv* |? Op* (dv*\? || dp* T/dp*\’ 
oP _? Uy | oa _ = | 
“BT - * Op aa co~ Taelar) || aoe clar 


Rearranging the brackets leads to considerable =_ and finally to 


that is, by using (XII.44), 


Pe i + 5 (os T ns “(0 py, (XI1I.45) 


all the quantities being taken on the line Y. 

In the case considered by Bethe of a single chemical species, the variance 
is 1 in the two-phase region, so that p does not depend on v and the first term 
of (XII.45) vanishes: it is then a simple matter to decide on the sign of the 
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jump in the slope of the isentrope 


re) Cv" 
Pv, s) — P (v%, s*) > 0, (XIT.46) 
Ov Ov" 


and thus to define a situation where condition (B.1) (II.16a) is violated: 
when the isentropic compression leads from region « to region (« + f), 
0? p/dv?(v, s) is infinitely negative on #. 

In the case considered of a fluid consisting of detonation products, the 
situation is less clear; the expression (XII.45) only allows us to think that a 
violation of condition (B.1) may not be excluded. Two examples prove the 
reality of this possibility. 

The first, and the one studied first (see Chéret [13]) concerns explosives 
whose detonation products comprise a gas phase (H,O, CO, COz:, Nz, etc.), 
with or without a solid phase (carbon) depending on the region of (Y). For 
PETN, the sign of 07 p/dv7(v, s) was studied directly by Fickett [25], who 
calculated the isentropes numerically and observed that compression 1s 
accompanied by a positive jump of 0p/dv(v, s)—thus a violation of (B.1)—on 
the line where carbon appears, as in the case considered by Bethe with regard 
to a single chemical species. It must therefore be expected that the (H,) arc 
of the PETN does not uniformly satisfy the properties demonstrated in 
Section II.2 under the (B.1) condition. Confirmaton of this assumption is 
found in the numerical results obtained with the LA MINEUR code. Figure 
XII.2(a), taken from [13], demonstrates that: 


(a) the curve representing the variation of detonation velocity D as a func- 
tion of v along (H) shows a kink at its intersection with the line where 
carbon disappears; and 

(b) there is an interval of variation of the density p, for which two C—J states 
coexist on (H,)—one situated in (Y;c > 0), the other in (Y; c < 0)— 
separated by the kink mentioned 1n (a). 


Figure XII.2(b) specifies the variation of the C—J characteristics as a function 
of po. 

The second example, more recently evoked, (see Ree [48d ]), concerns ex- 
plosives whose detonation products comprise states cold enough and com- 
pressed enough for preferential segregation of nitrogen in gas phase to occur 
during isentropic compression. Having modified the CHEQ code to take ac- 
count of such a possibility, Ree specially considered the cases of cyclonite 
(RDX) and calculated D, from po = 0.6 to pp = 1.8 g/cm*. Figure XIL3, 
taken from [48d], shows that these values are everywhere in agreement with 
the experimental values found by a number of authors, which is an argument 
in favor of the segregation hypothesis. It also shows the existence of two 
kinks at py = 1.2 g/cm? and py, = 1.6 g/cm?, and a correlation of these kinks 
with the intervals where the C—J state splits on (H,,) in the vicinities, respec- 
tively, of the line where carbon appears and the nitrogen segregation line, 
according to the mechanism shown in Figure XII.2(a) for PETN. 
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Figure XII.2(a). Penta-erythritol tetranitrate (PETN). Crussard curve in the vicinity 
of C-J detonations. Variation of detonation velocity with specific volume. 
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Figure XII.2(b). Variation of the C—J characteristics with the initial density of penta- 
erythritol tetranitrate (PETN). 
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Figure XII.3. C-J detonation velocity D, for cyclonite (RDX) for different densities 
Po. Comparison between experimental estimations (different symbols as shown) and 
values calculated at the absolute minimum velocity (continuous curve where the 
dashed part corresponds to the uncertainty interval in the position of the segregation 
line f—f) (after [48d ]). 


The same remark is true for both examples cited. The violation of the 
condition (B.1) leads to the coexistence of two C-—J states in only a very small 
interval of variation of py, the differences in velocity being a few parts per 
thousand, while the differences in pressures amount to a few per cent. This 
“indeterminacy” of the C—J state, taking account of the other sources of error 
fully discussed previously, is thus without serious practical consequence. 
However, it does pose a difficult theoretical problem: 


When two C-J states coexist, which one is actually produced in a quasi C—J detona- 
tion? 


whose solution might throw light on an aspect of detonations not 
approached in this work, that of their stability. 

Finally, we return to a question already reviewed twice (§1.2 and §2.5), that 
of the crystalline phase of solid carbon. For this, it is necessary to start by 
recalling experimental details familiar to flame specialists: 


(a) the stage preliminary to the formation of soot is the formation of aro- 
matic hydrocarbons C,H; or C,H, derived from polyacetylenes 
(C,H2),; 

(b) the principal stage is the polymerization of the aromatic molecules with 
elimination of hydrogen, resulting in the formation of a graphite struc- 
ture containing peripheral hydrogen atoms as well as free links for inter- 
action with the ambient gas phase; and 
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(c) pressure changes only the ratio of carbon in the solid phase to carbon 
combined in the gas molecules. 


Moreover, it is instructive to consider a recent calculation by Ree [48e] 
who shows that a cluster of ten graphite atoms is more stable than these same 
ten atoms arranged in a diamond lattice and that this comparative stability 
only reverses for a larger number of atoms. With these conditions, and taking 
account of the short time (a few microseconds) available for the carbon atoms 
to aggregate, it now seems rational to think that the condensation of carbon 
in detonation products is usually in the form of graphitic soot rather than 
diamond crystals. Thus the singular line that marks the transition between a 
graphite/diamond mixture and pure diamond will generally be without con- 
sequence on the properties and effects of explosives. 
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Epilogue 


The thermodynamic and mechanical aspects of the propagation of detona- 
tions (Part One), and the molecular mechanisms of explosive decomposition 
(Part Two), lie at the two extreme ends of the scale of explosive phenomena. 
The macroscopic aspects of the generation of detonation (Part Three), and 
the dynamic characterization of explosives (Part Four), are the two poles of 
interest for the “practitioner” of explosives. Ordering the work in such a way 
shows concern for demonstrating that: 


e thorough understanding of detonation proceeds via a modeling where the 
existence of multiple scaling factors is fundamental, and where the contin- 
uum and molecular descriptions back up one another; and 

e good practice in the use of explosives is not restricted to access to the 
appropriate numerical and experimental tools, but also requires prelimi- 
nary familiarization with the theoretical results. 


While the Summary given at the beginning was content to give the tenor 
of the chapters, this Epilogue underlines the spirit in which they were written, 
and attempts to lay a firm foundation for the answers which this work 
proposes to certain questions that have been debated for almost an entire 
century. 


Since the publications of Chapman in 1899 and Jouguet in 1917, their 
names are found associated to denote a condition which neither of them had 
pretended to demonstrate. In this regard, it is instructive to cite the beginning 
of §216 (page 315) of Mécanique des Explosives. “If the preceding consider- 
ations are exact ...” After reading the entire text, there is scarcely any doubt 
that neither Jouguet, nor a fortiori Chapman (for whom the argumentation 
does not exist) had a clear vision of the condition known today as C—J, and 
neither of them ascribed to it—in every causal state—the quasi-magical vir- 
tue which some successors, less anxious about exactness than about simplic- 
ity, have ascribed in the notes and papers published in the 1950s. 

However, the principle of a rigorous analysis exists from 1944 in a note by 
H. Weyl which, in order to describe a “shock layer” utilizes a procedure 
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related to that used by Prandtl at the start of the century to describe a 
“boundary layer.” We had to wait again until it was formalized in the current 
method of asymptotic expansions, d propos of more or less simple cases of 
aerodynamics, before imagining its extension to the mechanics of reactive 
fluids, as is performed in Part One of this work. 

To model the “detonation layer” as a zone of steep gradients in a reactive 
dissipative fluid allows us to renew from top to bottom the description of the 
phenomena. Thus the idea of a uniform and permanent velocity is excluded 
in favor of a local and instantaneous velocity. Thus appears the notion of 
quasi C—J detonation, defined as a propagation which scarcely deviates in 
velocity (in time and space) from the C—J value, and moreover deviates all the 
less as the value of the local curvature is less. Thus too the propagation rules 
are established over an extremely wide domain of validity since the only 
requisite conditions are: uniformity and rest of the initial state (simple deto- 
nation), the lack of any compression induced in the detonation products 
by the boundary conditions of the flow of these products (autonomous 
detonation). 

Owing to these definitions and concepts, the problems of the spherically 
diverging wave, the spherically converging wave, and the autonomous per- 
manent axisymmetric wave are solved completely. For this last geometry, 
which is that of a very large number of experiments carried out over the 
course of a century, two essential results are established. First, it is shown 
that it is the autonomous condition which is fundamental to the existence of 
an eigenvalue of the propagation velocity for given diameter, explosive and 
adjacent medium. We also show the concurrent character of two critical 
events well known to the experimenter: pure and simple extinction on one 
hand, and bifurcation towards a three-dimensional structure on the other. 

The reader familiar with the standard works on detonation will doubtless 
be astonished that nowhere is the concept of the “reaction zone” invoked. 
There are two reasons for this absence—which is neither an error nor an 
omission. First, there is the ambiguity of the expression: does this zone termi- 
nate when the initial substance has completely “disappeared,” or whenever 
the chemical reactions “cease” in the very core of the detonation products? 
Above all there is the incompatibility of the concept with the method itself of 
matched asymptotic expansions, the foundations of which aim precisely at 
substituting for an ill-posed problem of linking up on imaginary surfaces, a 
well-posed problem of matching between dissipative flow with steep gradients 
and nondissipative flow with negligible gradients. 


On a completely different tone—the explanation and the forecasting of 
sensitivity to “shock” of explosive molecules—Part Two of this book jostles 
equally with the received ideas. The search for criteria, which was still at 
the patchwork stage because it was limited to looking in the core of 
the properties of a molecule in its fundamental state, is renewed by taking 
account of the properties of the molecule after “shock.” 
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Experimental agreement, the unification of primary and secondary explo- 
sives, and more generally the coherence of the consequences, are further 
arguments in favor of: 


e the importance of electron distribution in the explosive molecule after 
“shock”; 

e the existence, for each molecular species, of a privileged bond, whose maxi- 
mum relative variation of polarity under “shock” (relative to “rest”) 
conditions sensitivity to “shock” and whose potential rupture is at the 
origin of the molecules in a dissociative state; and 

e the role of the molecules which occupy a nondissociative state after 
“shock,” in energy transfer, and therefore also in the emergence of a coop- 
erative process which underlies the propagation phenomenon itself. 


Since the publications of Bowden in 1952 and Campbell in 1960, a large 
number of the constituents for a comprehensive view of the transition from 
shock to detonation have existed and reached a large audience. However, 
lacking a theoretical framework into which they could be incorporated, the 
works of chemists physicists and engineers have, since then, progressed with- 
out great coherence as far as ideas and terminology are concerned; but, a 
contrario, the theory of the “detonation layer” and the molecular theory of 
sensitivity to “shock” of explosives, which are explained in Parts One and 
Two, justify the attempt at unification throughout Parts Three and Four. 
With this aim in view, there take place: 


e an attempt to clarify the nature and the chronology of the molecular 
and/or mesoscopic phenomena which cause a continuous stress on the 
boundary of an explosive structure to result in propagation in the mass; 

e attention is paid, in the reactive flow codes, to a consideration of that 
which depends on physical modeling and that which results from economy 
of computing; 

e care is taken to show the coherence attained—by means of the notions of 
built-up, strong, quasi C—J, autonomous, automorphous, guided detona- 
tion—in interpreting the enormous body of experimental results accumu- 
lated for the elementary configurations of simple detonation; and 

e care is taken to emphasize the incontrovertible character—in every at- 
tempt to “predict” the performance of an explosive—of an adjustment 
versus the measurements of velocity, and thus of an appropriate interpreta- 
tion of the flows, etc. which leads the reader back to the first part of this work. 


The same reader may be wondering why the word initiation does not 
appear anywhere. Neither random nor set purpose account for that absence, 
for which two strong reasons exist. The first arises from etymology, and the 
incorrectness of the word. The second arises from physics itself: the new 
description needs two distinct terms: ignition and induction so as to distin- 
guish ignition threshold pressure, and critical induction pressure. 
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If someone keen on nuclear fusion should happen to see this book, it is 
very probable that he will be struck by the analogy between the necessity to 
control the “confinement” of plasma to ensure fusion and that of controlling 
“expansion” to ensure detonation. It is also very probable that he will take 
some pride in the difficulty of his problem compared to that of the detonation 
expert, simply because of the orders of magnitude of temperature and pres- 
sure required. But he will probably also find it difficult to suppress a feeling 
of envy while considering that an explosive substance—as opposed to plas- 
ma—keeps a “human face” insofar as, in its intimate reactions to stresses, it 
remembers all the stages of its manufacture, and not only the properties of 
the explosive molecule from which it takes its name, and to which it is—often 
destructively and sometimes dramatically—reduced! 


Appendix A 


Some calculations in Chapters I, II, III, and XII suppose a knowledge not 
only of the definition of the essential quantities of traditional thermodynam- 
ics, but also the existence of identities among the derivatives of these 
quantities for various selections of the state variables. In this appendix, we 
aim to establish, with reference to a fluid, a coherent resume of definitions 
and a guide in the search for identities and in their treatment. 


1. State Variables and Associated Thermodynamic Potentials 


1.1. Variables v and s 


From the very definition of a fluid, its state depends on only two variables: 
from the very definition of absolute temperature T and pressure p, the follow- 
ing relationship holds between the derivatives of the mass volume v, the 
specific entropy s and the specific internal energy e 


de = —pdv+Tds. (e.1) 


Relative to the derivatives dv and ds, de is thus a homogeneous linear form 
whose coefficients involve only p and T, to the exclusion of all derivatives: e 
is the thermodynamic potential associated with the variables v and s. From 
(e.1) it follows directly that 


de 
p= — a (v, S), » 
e. 
T = +2 (v, s) 
= +2 (», 5). 
Thus the specific free energy f = e — Ts may be expressed 
_ Ce _ > O(e/s) 

f=e sa_(v, s)=-s 36 (v, s). (e.3) 
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1.2. Variables v and T 
By coupling the relationship obtained by differentiating f to (e.1), we obtain 
df = —pdv—sdT, (f.1) 


which shows that f is the thermodynamic potential associated with the vari- 
ables v and T. From (f.1) the relationships 


0 
p = -Zo, T), 
; (2) 
s=-20,7) | 
—_ OT v, ) 
follow directly, and also the relationship 
T 
ef Tw, T)= _722UTD |, T). (f.3) 
Ov OT 


Let us now examine the coefficients of linear form de = ¥(dv, dT); by 
differentiating (/.3) and taking account of (f.2), there results 


de 7 0(p/T) 
350 T) = +T? ap T), 


(f.4) 
de Of 
a T) = —Tanl T), 
so that 
0(p/T 0? 
de = 1200), »— Fo. 1)-ar. (f.5) 


Bringing (e.1) and (/.5) together then makes it possible to find an expression 
for ds 


_ Op . o’f . 
ds = ap T)-dv — a2 T)- dT. (f.6) 
1.3. Variables p and s 


When the relation obtained by differentiating the mass enthalpy h = e + pv 
is linked to (e.1), we obtain 


dh = vdp + T ds, (h.1) 


which shows that h is the thermodynamic potential associated with the vari- 
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ables p and s. The immediate result of this is 


oh 
v= ap” Ss), 
ah (h.2) 
T=— , 
3, (P: 5) 
So the specific free enthalpy g = h — Ts is written 
oh 5 O(h/s) 
—~h— = _ h.3 
g=h—sz (ps) = -?—(p,5) (1.3) 


1.4. Variables p and T 
By coupling the relation obtained by differentiating g to (e.1), we obtain 
dg = vdp — sdT, (g.1) 


which shows that g is the thermodynamic potential associated with the vari- 
ables p and T. The immediate result of this is 


6) 
v = +(p,T), 
Op 
P (g.2) 
_ _%9 
S —_ OT (p, T), 
and also 
_ 0g _ , O(g/T) 
h=9—T=(p,T) = —T?— 6, 7) (9:3) 


We now find the coefficients of the linear form dh = Y(dp, dT); by 
differentiating (g.3) and taking account of (g.2), we obtain 


oh O(v/T) 
—(p.T) = —T?2 
ap > ) T aT (p, T), 
5 (9.4) 
op T) = —T 24,1) 
OTP 0) = — 8 apa Pe 1) 
so that 
0 fv 0g 
h = — 2 _~ . — > ° e e 
d T (4) dp T aaa (P, T):-dT (g.5) 


Bringing (h.1) and (g.5) together also makes it possible to find the form of ds 


dv 6g 
ds = — aq (P, T):dp — Taya T)-dT. (g.6) 
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2. The Isentropes 


2.1. Preliminary Observation 


For specific heats with constant volume and pressure which appear in the 
second line of (f.4) and (g.4), respectively, we introduce the usual notations 


de 
Cy = aq T), 


oh 
Cp — aq WP T). 


So the expressions (f.6) and (g.6) of ds lead to the double equality 


Op Cy _ Ov Cy ; 
ds = 0, T) do + — dT = — a (Ps T) dp + = dT. (i.1) 


The right-hand equality leads to the differential relation 


Cy — Cy 


T 


Op Ov 
dT = aq T) dv + aq (P. T) dp 


which, identified with the linear form dT = (dv, dp), implies 
T op 

Cp — ¢, OT 

T Ov 

Cp — C, OT 


OT 
(v, T) = Ov (v, p), 


OT 
(p, T) = ap p), 


from which it is a simple matter to see that they both lead to 
Ov Op 
Cp — Oy = T 5 (p, p| E (v, 1) (i.2) 


2.2. The “Slopes” of the Isentropes 


By making ds = 0 in (i.1), we obtain two equalities giving the variation of T 
according to v on the one hand and p on the other, along an isentrope 


OT T Op . 
3, (% 8) = a" aq (vs T), (i.3) 
OT T Ov , 


Eliminating T(@p/0T) from (i.2) and (i.3) on the one hand, and T(év/0T) from 
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(i.2) and (i.4) on the other, we obtain 


oT Cp\ OT 
Bp s) = (1 — ‘) Op (v, p), (i.5) 
OT c,\ OT 
—(p,s) =| 1 —— ]—W(v, p). 6 
ap P s) ( “) ap” P) (7.6) 
Finally, connecting (i.5) and (i.6), we find the well-known relation 
6) 6) 
So, =2-2,7) (i.7) 
Ov Cc, Ov 
With the fairly widespread notations 
Cp 0 Log p 0 Log p 
Y C, ’ a Log D (v, S), ly O Log D (v, ) 
the relation (i.7) takes the form 


the significance of which will be recognized by referring to the ideal gas 
(pv x T>T, = 1). 

The significance of the variation in Log p with Log v along an isentrope 
suggests that we look at that of Log T with Log v and with Log p, in the same 
conditions of constant entropy. 

Consider the first and note first that 

Op 


_ Op Oe _ , op, 
aT v, T) — Fo (Y é) ap T) = Cy 3 (Y é). (i.9) 


So the identity (i.3) leads immediately to 
OT Op 
Bp s)= —Ta lv, e). 


By introducing the Griineisen coefficient G by 


G= oP iy e), (i.10) 
Oe 
finally, we obtain 
0 Log T 
= —G. 11 
5 Logo (v, s) G (i.11) 
Consider the second and observe first that 
Op _ Op Op Os 
3p e) _™ Zp We S) + 35 s) 5, Wes e). 


Taking account of (e.2) to evaluate the two derivatives in the product of the 
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right-hand member, we obtain 


Poo, e) = Poo s) -2 s). (i.12) 


Introducing the square a” of the speed of sound 


a? = Pip, 5) = v2? Pie, 5) (.13) 
0p Ov 
we can write (i.12) 1n the form 
Log T v? d 
: oe pe s) = a2 +3 h( é). (i.14) 


3. Other Identities Involving the Gruneisen Coefficient 
3.1. Variables v and p 
Use (i.9) to show G in (i.2). We obtain 


0 Log T 
dLogy OP oe, 


Cy 


G. (j.1) 


This identity is a first aspect of the role which G plays in the expression of the 
thermodynamic derivatives for the variables v and p. Continuing in this di- 
rection, we shall now attempt to express the derivatives of specific internal 
energy considered as a function of v and p. First, we obtain, simply from the 
definition of G 


Ce v 
— = —_, j.2 
We can also write 


rs 6) 
= (0, p) = = (0 T) +2 = (0 ns “(o p). 


The first term of the second member is given by the first equation (.4) whilst 
the second 1s expressed on the basis of c, and the identity (i.2) 


de Cy Op 
Introducing G through (i.9) and (i.10), we obtain 
de G ; 
a p)= —p+t+ roe, as (j-3) 
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3.2. Velocity of Sound 


Consider the square of the velocity of sound a? in the form —v?(@p/dv)(v, s) 
and attempt to transform the partial derivative by: 


Zp Ss) = Zp \Y T) + ap le T) Bp ( S). (7.4) 


Taking account of (i.3), we obtain 
ép _ Op T| op 
3p s) = 3p T) - C, E v, n| ’ 


Now taking account of (i.7) and (i.9) to eliminate the derivatives of p outside 
the isentrope, we arrive at 


Cp —¢, Op G? 
“27, = —T > 9 
Cp Ov (», 8) 2 
which leads to the expressions of a? 
a? = TP _G?, (7.5) 
c,—C 


Appendix B 


Quotations refer to the list of references for Part One 


1. Introduction 


Since the variables €’, €”, = play no part—unless as parameters—in the prob- 
lem posed in §III.2.1 in fine, we can ignore them for the time being and 
symbolize the derivation in € by a point over the dependent variables. With 
these notations, it is a question of finding a solution in (¢; v, T, m) of the 
system 


Mp” 
L 


b= p— po + M’(v — vp), 


L. M? 
gt =e = e+ (0 —v0)] pot Se — 9), (B.1) 


=th = (1 —m)s, 


such that (it is then regular according to the terminology of Friedrichs [20]) 
its limit for € tending toward: 


—oo is the singular upstream point (vg, To, 0); and 
+o is the singular downstream point (v,, T,, 1), 


where (v,, T,) is a point such that wp = Muy (= D*”) on the detonation arc 
(H.,) originating from (v9, po). 

The problem was analyzed by Friedrichs [20] in the case where w, # a, 
assuming that both the explosive and its detonation products are a 
polytropic gas, and by using a method which cannot be generalized to the 
basic case where w, = a,. That is why we preferred a more homogeneous 
treatment inspired by that devised by Weyl [37] for shock waves. 

We suggest 


v — Uv; =x, T—T;=y, i=1lor0O. 


397 


398 Appendices 


The system (B.1) can be written in the form 
x = A;x + Biy + P,(x, y, m), 


y = Cx + Diy + Q,(x, y, m), (B.2) 


m = (1 — m) > 
Ww 
where the functions P,Q, and their initial derivatives in x and y are cancelled 
out in (0, 0, 0) if 1 = 0, in (0, 0, 1) if i = 1. Let K, be the matrix 
C; Di} 


2. Eigenvalues and Directions of Matrix K, 
(To simplify the notations, the index i will be omitted throughout this 


subsection.) 
Referring to the system (B.1), we find that 


L Op L op 
A = —— | M? + —(v,T B = —_—~(v, T 
Mp" * 3p v | Mu” aT ) 3) 
LM [ ée ; LM 
c= Eo, T)+M (% — 0) + Po D=—~¢y. 


Taking account of the conventional thermodynamic identities and w = Mv 
(see equations (II1.22)), we find that the sum A + D and the product AD — 
BC of the eigenvalues of K are given by 


(B.4) 


Thus the characteristic equation of K is 
A a? A 
2-21-42 4 * \ime +2 (1-3,)VM2=0. 5) 
A W’cg we ce, pa Ww 


The 6 discriminant of (B.5) is 


2 2 2 2 
s=(tm®)|(1-4 244) "(1-2 )] 
A Lc, W Lc, Lc, Ww 
We pose N= a?/w?, w= L’c,/A (@ is the longitudinal Prandtl number). 
Whatever 3 might be, the sign of 6 is that of the trinomial 


F(NM =(M@+ y —N)? — 4ya(1 — Jt) 
= MN? + 2[(y — Iw + p(w — 1I)JN 4+ (@ — y)?. (B.6) 
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We find that the reduced discriminant f of F equals 
f = 4wy(y — 1)(@ — 1). 


Taking account of y > 1, it is @ — 1 which gives its sign to f, in such a way 
that: 


— ifw—1<0,F has no real roots, therefore F(9) > 0; and 
— if@w@—12>0,F has two negative roots, therefore F(t) > 0 for MN > O. 


Consequently, 6 is always positive and the characteristic equation of K al- 
ways has two distinct real roots. 
Referring to (B.4), we see that the sign of the roots 


~_LMa+y-+ JF 


2y 
(B.7) 
._LMoty—-N- JF 
p 2y 


of (B.5) depends on that of M — 1 according to Table B.1. 


Table B.1 


We can see that n and r are rational whatever Jt might be if @ = 1. The 
simplicity of the calculations in this case explains why this hypothesis was 
developed by Hirschfelder [24], in particular. However it is appropriate not 
to over-estimate the importance of this particular case. 

The eigendirection (v, 7 ) which corresponds to the eigenvalue x is defined 
by the first-order system 


(A —k)v+ BZ =0, 
Cvu+(D—k)7 =0. 
Taking account of (B.3) and (B.7), we find 
TF (k) = —T&k), 
2G B.8 
Gk) = ° +ifke=r, —ifk =n, (B.8) 


+ /F+N-yto 


where G denotes the Griineisen coefficient v(Op/de)(v, e). Returning to the 
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definition (B.6) of ¥, we obtain 


Gn) Gt) = a5 <0, 


From which 


<O ifk=n 
G:g ‘ B. 
wep if «=r. (Ba) 
Moreover, from (B.6) and (B.8) we deduce 
T TG OT 
N= 1 7) = ———_ = —(v, S). (B.9b) 


v v Ov 


3. Properties of the Upstream Singular Point 

For 1 = 0 (upstream singular point), the equations (B.4) are written 
xX = Agx + Boy + Po(x, y, m), 
y = Cox + Doy + QolX, y, m), (B.10) 
m = ho(x, y, m), 

where the functions P,) and Q, and their first derivatives cancel out at the 


origin and where hg is cancelled for fairly small values of x and y. In (B.10) we 
perform the transformation 


X = U9X + UY, 
m = Z. 


This transformation leads to the canonical system 


X =n )X + Fo(X, Y, Z), 


Y — ro Y + Go(X, Y, Z), (B.12) 
Z = H)(X, Y, Z), 
where the functions Fy, Go, and their first derivations in X and Y cancel out 


at the origin, and the function Hoy is cancelled for fairly small values of X and 
Y 


According to the definition (III.18) of D‘? and the properties of (H.) 
shown in §II.3.1, we have D'? > ay. So we deduce from Table B.1 that 
No >) > 0. (B.13) 


Under these conditions, according to the argument given by Weyl [37], there 
exists a group with one parameter of trajectories 7, of (B.12) which reach the 
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Singular upstream point 


T Y 


——— nf 


Figure B.1. The arrow indicates the travel direction on a trajectory as ¢ increases. 


origin for € + —oo (see Fig. B.1) in such a way that 
X = O(e™), 
Y = kye™ + O(e"), (B.14) 
Z = Ofor fairly small ¢, 


where k, is an arbitrary constant. From which, according to (B.11) and (B.8) 


v— Vo _ k,er + O(e'), 
Vo 
T—T B.15 
= ke G(role + OC), me) 
To 
m = O for fairly small ¢. 
4. Properties of the Singular Downstream Point 
For i = 1, assuming that m — 1 = z, (B.2) can be written 
xX =A,x+B,y+ P,z + f(x, y, 2), 
y=C,x+ Diy + Q,z + 21(% y, 2), (B.16) 


LS, 
e — __ _ t+ h 
Z (5 + i (Xx, y, 2), 


where the functions f,, g,, and h, cancel out at the origin as well as the first 
derivatives of f, and g,. Let us suppose 


v=, (B.17) 
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and denote by (P;, Q‘,) the vector defined by the matrix equality 


, 
( v1 V1 vy, + ny ( v1 v1 ) (6) n (28) 
F(n1) F(t) 0 1 F(n1) F(t) Qi T,Qi 
Worry 
= 0 (B.18) 


(in so doing, we exclude the case v, + r,; = 0 which has no physical signifi- 
cance). Let us perform in (B.16) the transformation 


xXx=v,X+0,Y + PZ, 
y= 7(n,)X+ Z7(r,)Y + QZ (B.19) 
z= Z. 


We are thus led to the canonical system 


X =n,X+ F,(X, Y, Z), 


Y = r,Y + G(X, Y, Z), (B.20) 
Z = —Z|[v, + Hi, (X, Y, Z)], 


where the functions F,, G,, and H, as well as the first derivatives of F, and 
G, cancel out at the origin. 


In the case where w, # a,, we can use a reasoning analogous to that made 
by Weyl [37]. 


(1) w, > a, (weak detonation) 

According to Table B.1, we have n, >r, > 0 so that only two isolated 
trajectories of (B.20) reach the origin when £ > +00 tangentially to OZ. 
(2) w, < a, (strong detonation) 

According to Table B.1, we have n, >0>r,. This time, there exists a 
group with one parameter of trajectories 7, which reach the origin for 
¢ — +00 1n such a way that: 


X = O(e"*), 

Y = kie™ + O(e"), if v,<—r, (B.21a) 
Z =k,e*" + O(e-™’), 

X = O(e-”"*), 

Y = k,e™ + 0"), if v,>—r, (B.21b) 


Z =k,e-%S + O(e7”). 


The projections of 7, on the plane (Y, Z) have the outline indicated in Figure 
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Singular downstream point Singular downstream point 


wi< a, $ < -F, w,< a, ; Vs >-P, 


(a) (b) 


Figure B.2. The arrow indicates the travel direction on a trajectory as ¢ increases. 


B.2(a) and (b). Returning to the physical variables and taking account of 
(B.8), the relations (B.21) show that 


P= Pt KPre“ + O(-"), 
U1 
r-T ; - B22 
~ =k, Qje™ + O°"), fow<-n (B.22a) 
T, 
m— 1 = —v, kyo" + 0(-%) 
a ke"? + O(c"), 
V1 
rT if _ B.22b 
Se a) rr Oh 
T, 
m — 1 = —yv,k,e~"" + 0(e- ""), 


We note on (B.22) that in a strong detonation: 


— the physical transformation never imposes its rate on the chemical trans- 
formation; and 


— the chemical transformation dominates the whole phenomenon only if it 
is sufficiently slow (v,; < —r,). 
In the case where w, = a, (C—J detonation), the system (B.20) is written: 
X =n,X + F(X, Y, Z), 
Y = G,(X, Y, Z), (B.23) 


Z = —Z[v, + H,(X Y, Z)]. 
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Since Weyl’s argument [37] no longer allows us to draw a conclusion, we 
shall reason as follows: 


(a) Let us consider among the solutions of (B.23) those which are entirely 
situated in the plane Z = 0. They confirm 


x =— n,X + F(X, Y, O), 
Y = G,(X, Y, O), 


which answers the hypotheses in Keil’s theorems [29] as they are mentioned 
by Sansone and Conti [34]. According to the third of these theorems, the 
nature of the trajectories of (B.24) nontangent to OX depends on the sign of 
n, /((67G,/dY*)(0, 0, 0). Going back to the physical significance of G, and 
taking account of w, = a,, we find 


(B.24) 


1 y+o-—1dv pw? 
Ty 07G, ns 0 0) L WC, oP mn) 1 (B ) 
oy? b] b] Cv2 v, S, 


So, taking account of n, > 0 (see Table B.1) and (67p/dv7)(v, s, 1) > 0 (see 
hypothesis (II.16a)), Keil’s second and third theorems show that only one 
trajectory 7,° of (B.24) reaches the origin for € — +00, and this in such a way 
that 

lim ¢€X = 0, lim CY = —7, (B.26) 


C++0 [++ 
(the outline of the trajectories in the neighborhood of 0 is indicated on 
Figure B.3). 

(b) According to (B.9b) and (B.19), OY is the tangent in 0 at the isentrope 
originating from 0, with the result that the function H(X, Y, Z) confirms 
Hy(0, 0, 0) = 0. Then, by integrating (B.23) through successive approxima- 


Singular downstream point 


T Y w,=a, 


—_—_—_ » V 


Figure B.3. The arrow indicates the travel directtion on a trajectory as ¢ increases. 
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tions starting from 7°, it is demonstrated that there exists, for every k, > 0, 
one trajectory 7, of (B.23) and one only which reaches the origin for € = +00 
and is such that 
lim ¢X =0, lim CY = —7, lim e"¢Z=k,.  (B.27) 
C7-+o0 C>+00 C7+0 
With (B.19) and (B.8) we deduce from this that the corresponding 7, group 
presents the following asymptotic behavior 


T -—T, t; (*) (B.28) 
= GYr,)a,—~- + O| = |, 
T, ( 1) 1 Lé C 
m — 1 = —v,k,e~"8 + 0(e7""4), 


where the length 7, and the number «, were defined by 


story v(2), 


Wp 


p>w? (B.29) 


5. Discussion 


Let #' be the arc swept in the plane m = 0 on the curve s(v, T) = s' by the J, 
trajectories when ky varies. Let K be the point where the 7, trajectory meets 
the plane m = 0. In order that 7, corresponds to a regular solution, it is 
necessary and sufficient for K to be on #'. The preceding paragraphs show 
that we must distinguish the two cases: 


(1) w, >a, 

J, depends on zero parameter; it is the same for K which therefore can 
be on #? only for isolated values of D‘°. These depend not only on the 
thermodynamic state q, of the explosive substance but also on its ignition 
entropy s'. To each of these, if they exist, there corresponds a regular 
solution. 

(2) wi, <a 

JZ, depends on one parameter; it is the same for K which therefore can 
be on &' for an appropriate value of the parameter. Under these 
conditions a regular solution can exist for any value of D‘° greater than 
or equal to D,. 
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Friedrichs [20] and Hayes [23], who studied the system (B.1) as being 
representative of the permanent plane wave, concluded that weak detona- 
tions could not be excluded on the basis of a thermodynamic reasoning, but 
should be excluded in view of the extremely high reaction rates which were 
necessary. Following them, we shall admit that weak detonations are a spuri- 
ous solution of the problem posed. 
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We now consider the system (III.28) 


(C.1) 


where the ellipses denoted the quantities which tend towards 0 when Z > 
+0. We are seeking a solution of (C.1) which tends towards (u,, v,) when 
Z — +0, it being understood that 


m = 1, 
S= S$, (C.2) 
w= a;- 


From the equations (C.1) we deduce that U = u — u, and V =v — v, must 
confirm 


lim —=—, 
z++oU ay (a) 
aU (C.3) 
u,a 
l 2 a2) 7 JS _ 11 
+0 C a) =z | 2p (0) 
Taking account of the thermodynamic identity 
da a v* dp 
Bp S) _ D _ Ia Bpz S), (C.4) 
and of (C.2), we obtain 
*p 
w? 8 NMI Zr S> 1): V, (C.5) 
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or again, according to (C.3a) 


3 92 
Z-+0 a, dv? 


(v,,5,, 1)-U. 


Therefore, (C.3) is equivalent to 


Voeov 
lm —=—, 
z~+0 U ai (a) 
0U u,(piW1)° 
l —— = —Q2 i'd’ 
roto U OZ 2 oO? (6) 


p 
R53 (Si V1; 1) 


Let us suppose 


Ww 


B = ——4&, 
u 


where « is the quantity defined in Table III.1 of §III.2.2 


p>w? 
a= 5 


Ov? 


With these notations (C.7b) is written 


(v, s, m) 


From which 


(C.6) 


(C.7) 


(C.8) 


(C.9) 


(C.10) 
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The effective solution of the differential equation (III.69) 


A A LN A 
sin 4 | dé b .dp|dy 1 S dp siné 

— t — |—_ = 5 ——- — —- —_, D.0 
i ane | df ¢* 5;wl|ém f (D.0) 


demands that the derivatives d0/dy and df/dy be clarified using the equa- 
tions (III.67), then that the form thus obtained be transformed by substituting 
for the Hugoniot curve (III.67a) the linear relation—within experimental 
reach—between the relative normal upstream velocity U and the absolute 
value u of the normal material velocity jump. 


1. Transformation of (D.0) 


e Differentiating (III.67b) by considering p and #6 as linked by (III.67a), we 
obtain 


dé dé | 
(1 + p3|Wol? sin? ns = 293|Wol?(v9 — 6) sin n cos n, 


which, by eliminating pj W@ using (III.67b), is also written 


dp 
dn B — Po /dp |* 
= 2 cot 1— —| . D.1 
B — Po cotan n} b — vg/ dé (D.1) 
Differentiating (III.67c), we obtain 
1 dé Wo!” p 1 Ww,” 
—__ “= Po! re : (fe! o| -1), (D.2) 
sin? 9 dy (PB — Po) dyn cos*n\ Pp — Po 


with the result that the square brackets [ ] which appear in the first member 
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of (D.0) confirm 
oa 28 pol Wol tan y+ 2 sotan J 1 (nol _ : 
sin? 6 dn | (6 — po)” \W|? sin? 6 cos’ #\ p — Do 


(D.3) 


The expression of the equations (III.67b) and (III.67c) suggests the introduc- 
tion of 


A= pol Wol” 1, 
P — Po 
which gives, for the said equations, the equivalent forms 
1 *) . 
—_—__=[{1——]sin?y, (a) 
A+1 ( Vo | (D.4) 


A =cotan 6-cotann, (b) 
This notation also makes it possible to write (D.3) in the form 
dp 
dy (6 — tan 7 A 
LJ] _oa& jin +1) tan n + (P= Po) ant) (D5) 
sin*?@ P—Po |[W\? sin? 6 COS” 1 


Starting from 7 = n — 6, and using (D.4b), we can establish 


A? tan? + 1 


cotan# _ 
A tan? n — 1 


—=(A+1 
sin? 0 


On the other hand, starting from (III.67d) and using (D.4a) we can establish 


tan 7. (D.6) 


6(— — Po) _ 1 


Wir toy 
U 


(D.7) 


Taken together, the relations (D.1), (D.6), and (D.7) make it possible to trans- 
form (D.5) into 


~A a |-1 1 A2t 2 
(J =2A+n[1-8 Po ie | p¢—__ A tant? 
dé Avo _ 1 tan n—1 


sin’ 6 U — Uo 


A 
cos? n 


(D.8) 


The next step consists of transforming the second brackets of the righthand 
member of (D.8) using (D.4a) 


1 = A*tan*y +1 2 


1 _- —— a— e 
r Vo A tany — 1 2 
a | Vo 
; 1+ & cotan n 
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Thus (D.8) becomes 
sin?6{ A+1 oe Pp — Po /dp |" 
= A— <4. —____]} 1 - —| —1 
U4 an A | 6 — v9/ dé 
1+{— , cotan n 
The last step consists of establishing, with the help of (D.4a) 
1 2 —1 
oo a ne ce tan? 7 + — “(1 + 2 cotan? ") | , 


A 
1+ |— , cotan n 


From which the new expression in the square brackets 


. 2p i —1 
p= nS fa + Sta n+ *o(1 + “2 cotan’ n) | 


P — Po /dp 
— —_— —1>. D.9 
ted D9) 


e Let us now return to the differential equation (D.0). Taking account of the 
last form given to [ ], the expression (D.4b) of A and the jump relation 
Po|Wo| sin yn = p |W| sin #, the equation (D.0) is written 


A LN 
cotan 6 cotany sin n sin 6\? fy dy , sing sin 81 _ S Op 
sini f PolWol|é? dm’ 


cos’ 7 sin 


where the braces are those in (D.9). It now remains to express the trigono- 
metric functions as factors of dy/df and 1/f by using the relation 


A A —1 
A D D 

cotan 0 = (cotan n+ *) (1 — *) 
Vo Vo 


obtained by eliminating A from (D.4a) and (D.4b); we obtain 


sin 7 sin 0 & 


sin# ra ) sin n cos ns 


A 


cotan 6 cotan H (‘e _ 
~(\6 


Vo ...2 2 
—— H+ sin’ y 


cos? 7 sin? 4 cos* n 


cotan 6 cotan (= n sin “ _ (Yo _ yee cos? 4 + sin? ") 


cos? 4 sin 7 \ 6 6 


Finally, observing that the definition itself of ¢? leads to 


_ nN 
(“2 - ) 1 op _ _d Log(p — po) ( = p,s=$§,m=0) 
A Pot om om p p, 9 — 
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for (D.0) we arrive at the expression 


dy n sin 27 S @Log(p — po) 
Car OF | «TWol dm 


A 


(p = p,s = §,m = 0) = 0, 


g= (‘° cos? 4 + sin? "| ‘4[1 + - tan? 4 + (D.10) 
O 
-1 ps a1 
Vo Vo 2 P — Po /dp 
—{1+-W—cot 1 — —— —1>. 
+ 3(r + Gootantn) | [Fares — 4 


2. Explicit Form of (D.0) Using a Relation U = A + Bu 


From the jump relations for the shock Xo, let us extract those which corre- 
spond to conservation of mass and of normal momentum at 2, 
BP — Po = —PoWo(w — moh 
PoWo = pw. 


Let us assume wy = U and Wo — W = u. We obtain 


Let us suppose as valid, as experiments suggest (see [1], for example), a 
relation U = A + Bu in the domain concerning the shock 2, in the explosive 
substance. Then 

dp po 

— = ——(A + 2Bu)(A + Bu)” 

5, A (A + 2Bu)(A + Bu) 
is established without difficulty, from which comes 

1 P—Ppo/dp 2Bu 

6—v,/d6 A+2Bu 


In order to complete the explicit writing of g in (D.10), it is sufficient to 
observe that u is linked to |W,| and 4 by 


A + Bu = |W,| sin 4, 
with the result that 


~ A —j 1 
FRI eet 
V-vV Vv 
° 2(' sin — 1) 


(D.11) 


Appendix E 


Transformation of ,;, 


The leading idea in the transformation of pi, is to express, as a function of F, 
the divergence from the ideal state for each species present in the gas phase 
of the detonation products. The essential tool is identity (g.2) of Appendix A, 
rewritten by introducing the volume v’ of N’ moles at p and T 


0g’ , 
(= 2 (pT, . Ni, 
= op (p ) 
which, on differentiating with respect to N,, gives 
On' . dv’ 
, IT, .N'.) = ~~ (p, T). E.1 
ap (p ) = sqilPs T) (E.1) 
The first stage is to write yj, in the form 
, , Ni f'(p, T 
psp. T) = Ap, T) + KT Log + RT Log, (ED 


where ji' is the proper molar chemical potential that (i) would have if it were 
ideal at conditions p and T of pressure and temperature; by definition f'(p, T) 
is the fugacity of the gas (i) in the mixture. 

The second stage is to define i’ by integration of (E.1) from p® to p for the 
gas (i) supposed ideal and on its own: taking account of the value N'RT/p for 
v’ we find 


Bp, T) = Ai(p®, T) + RT Log. (E.3) 
The third stage is to evaluate Log(f'/p). For this (E.2) is differentiated with 


respect to p, then (E.1) is applied to the mixture of N’ moles occupying 
volume v’. By using (E.3) we find 


é fi 1 @v’ . 1 
— Log — = —— ——(p,T, .N’.) ——. 
dp oes RT a Ni (P» ) - (E.4) 
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Returning to the equation (XII.5) which defines the function ¥ by 


F(v', T, .N'.) = pu’ /N'RT, (E.5) 
and differentiating at constant T, N',..., N’ we obtain 
L Ge 
oP (Fee 1) d Log 
p 0 Log v 


so that (E.4) takes the form 


f! p 0 Log F 
— T, .N’.)—1 || ——=—- —1]dLogv’. (E6 
d, Log 5 = Pe ual ) 1|(F 24 ogv’.. (E.6) 


Evaluating dv’/dN' by differentiating (E.5) at constant p and T, the first 


form is 
’ Log F 1 Log ¥F 
do’ 1 0 Log F — Ni ra 0 Log F 
v’ 0 Log v’ wit ON' 


so that, after further calculation, (E.6) takes the final form 


f? OF 
—=-—-|F—-1+N 
d, Log © (s + ANI 


=) d Log v' — d,, Log F. (E.7) 
Now, because of the property of a “real mixture” to tend, at low pressures, 
to an ‘ideal mixture” of “ideal gases,” the function ¥ and the fugacities f' 
necessarily prove 
lim v’(p, T, .N'.) = co 


po 


OF fi (E.8) 
lim F — 1=lhm oars tim (“—1) =o, 
po po ON po p 
from which the thermodynamic identity follows 
f' °° OF 
Logs = | (s F-1+N ag ori) 4 Log 0’ — Log F. (E.9) 


From (E.3), (E.5), and (E.9) the required expression for pg is 


1 1 N'RT % OF 
fii(p®, T) + L —1 dL 
Rep. T) = RTH ii'(p°, T) + Log Dv r+|"(¢ tne a og v’. 
(E.10) 


Transformation of y/ 


The leading idea for the evaluation of p/ is to express, as a function of ¢’, the 
divergence from the standard conditions (p°, T) which the condensed species 
(j) presents. The essential tool is again identity (g.2) of Appendix A, rewritten 
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by introducing the proper volume N’M/v/ of N/ moles at p and T 
—.,, ogi . 
NiMiyi = 7 (p, T, Ni), 
= Sp (p ) 


from which it follows, by differentiating with respect to N/ 
Op 
Op 
By integrating (E.11) between p® and p we obtain 


(p, T) = M?v!. (E.11) 


. ° . Pp ° 
u(p, T) = p/(p®, T) + M? | v/(p, T) dp. (E.12) 
p? 
By using the equation of state p = @/(v’, T) introduced in (XIL.3) it is possible 
to pass from variable p to variable v/ at constant T and arrive at 

vj(T) 


; . . Op), . 
u(p, T) = w/(p®, T) + M? | vi (vi, T): dvi, (E.13) 


vi(p?,T) OV? 


Transformation of e — ey 


The leading idea is to transform e, — e, and e/ — eg separately by a splitting 
which introduces both the terms derived from the functions of state ¥ and 
gy! and the quantities relative to the standard state tabulated in specialist 
works. 

Consider for the gas phase an arbitrarily large volume 6’ which ensures 
ideal state (pi’ = N’AT, ie., F(é’, T, . N'.) = 1); according to identity (f.4) 
of Appendix A, the corresponding specific internal energy é, depends only on 
the temperature, so that the difference e, — eg may be written 


e,(v’, T, .N'.) — en) = e,(v’, T, .N'.) — é,(T, . N'.) 
+ &(T, .N'.) — &(T, . Né.) 
+8 (T°, . Ni.) — e. (E.14) 


To calculate the first difference in (E.14) we use identity (f.4) of Appendix 
A, rewritten using (XII.5) in the form 


_ T? oF 
(5 vim’) “ec (v, T) = NL oF 
Dv 


To calculate the second difference of the second member, the definition of 
enthalpy is used which, because of the ideal state, leads immediately to 


(5 vim’) Aé =, N'AH‘(T) — N’RAT, 


where Hi(T) is the molar enthalpy of species (i) in the ideal gas state. Thus 
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(E.14) becomes 
(x N‘M')[e,(v’, T, .N'.) — eo] 


" OF dv’ Tm, 
= N'RT? —_ —_ N'A). Hi(T 
R { OT p’ + dX T ( ) 
— N’R(T — T°) + 9 N'M'[é,(T°, . Ni.) — eo]. (E.15) 
In a similar manner we consider for the condensed species (j) the state 
(p°, T) intermediate between the real state and the standard state, and obtain 


e/(p, T) — &€o = e/(p, T) _ e/(p®, T) + e/(p®, T) ~ ej(p®, T°) 
+ e/(p®, T°) — ey. (E.16) 


To calculate the first difference we again make use of identity (f.4) of Appen- 
dix A, this time written in the form 


dei 0 (o/ 
—(v/, T) = T? | — }. 
Ov 1) a(S) 

The second difference is calculated by using the definition of molar enthalpy 


H! of the species (j); for transformation at constant pressure p°, this defini- 
tion leads immediatey to 


. AHI . 
Aei = sv p°Av!. 
(E.16) thus becomes 


vj(T) j 
e/(p, T) — eg = T? oe dvi + 1 AT Hip? T) 
vj(p°, T) oT T M/ T 


— p®[v(p®, T) — v/(p°, T°)] + e4(p®, T°) — e. (E.17) 
Evaluating (XII.12) by using (E.15) and (E.17) leads to the quantity 


(5 vim’) [é,(T°, .N'.) —e5] + » N/M! [e/(p°, T°) — e9], (E18) 


which may be interpreted as the difference in internal energy between a unit 
of mass of the detonation products in the standard state and a unit of mass 
of the explosive substance in the initial state, provided that pressure p° has 
been chosen sufficiently low for v’'(p°, T°, . N’.) itself to be large enough to 
ensure the ideal state of the gas phase. With this assumption, quantity (E.18) 
can then be obtained as the sum of three differences: 


e that of e° — eg when the explosive substance passes from the initial state to 
the standard state (p°, T°); 
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e that of —e? when the explosive substance decomposes at (p°, T°) into its 
constituent elements; and 


e that of )\, N*[(H?)* — vf/RT°] when the elements recombine to form the 
detonation products at (p°, T°). 


The following approximate expression is thus established 


@— eo =~ —ef + ¥ N*[(HP)* — vA RT°] + €® — e 
A 


+ ¥ N'A} Hi(T) +) NJATH4(p°, T) — N’R(T — T°) 
i j 


" OF dv’ . [” 6 [oi\,, 
N’'RT? a T?7 5 NUM! —— | — | dv! 
+ OT v’ + » [i #(%) ° 


~ p° > [v(p°, T) ~~ vi(p®, T°)]. 


(E.19) 


Signs, Symbols, and Characters 


0. Note 


Particular care has been taken in the choice of notation, with three aims in 
mind: 


e to find a compromise which would suit mathematicians, engineers, physi- 
cists, and chemists; 

e to give coherence and unity to all the chapters as a whole, yet without 
excluding the flexibility which, for each domain, allows the complexity of 
the notation to be limited to what is strictly required; and 

e to put the resources of typography to the service of a visual familiarity of 
the nature of the quantities and/or the indices. 


1. Principal Symbols 


1.1. Universal Constants 


h Planck constant 

k Boltzmann constant 

N Avogadro number 

R= kv ideal gas constant 

N = 0, 1, 2 one-dimensional flow constant 
Cc velocity of light 

6 Euler constant 


1.2. Scaling Factors, Perturbations, and Order 


L range of thermomechanical dissipation 
| range of deviation from chemical equilibrium 
L characteristic macroscopic dimension 
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L 
L 
e = L/L 
ef = L/L 
&€ = L/L’ 
O( ), OC ) 
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characteristic mesoscopic dimension 
characteristic dimension downstream of ignitor 
shock 


perturbation parameters 


of the order of ( ) 


1.3. Classical Mechanics 


R 

Sf 

t 

M (X;; i = 1, 2, 3) 
P (x,;i = 1, 2, 3) 


u/u (u,;; i = 1, 2, 3) 
W/W (w;; i = 1, 2, 3) 
6 (6;;i = 1, 2, 3) 

f (f,; i = 1, 2, 3) 

g (g;; i = 1, 2, 3) 

m (m,; i = 1, 2, 3) 


¢ 

t,, (7 = 1, 2, 3) 
a, (i,j = 1, 2, 3) 
qj 

T 

V 


referential of space 

material system 

time 

“particle” (Lagrange variables) 

position (Euler variables) of M at instant t 
absolute velocity vector 

velocity vector relative to a wave surface 
absolute velocity of a wave surface 
volume density of external forces 

mass density of external forces 

volume density of external moments 

rate of volume heat received from the exterior 
stress tensor 

Cauchy stress tensor 

heat flux vector 

trajectory 

speed of a moving body 


1.4. Wave Geometry and Mechanics 


D 

aD 

fi (n,; i = 1, 2, 3) 
DV 


DS 

>> 

=(D) 

Nor N 

N’, N’” or N, N’” 
R’, R” 

R,, 

(é’, £", 2) 

Z = 2/L 

C= 2/L 


connected domain of R, R*, or R? 
frontier of D 

normal external to D 

differential element of volume 
differential element of surface 
wave surface 

portion of & contained in D 

unit vector normal to x 

unit vectors on principal lines of X 
principal radii of curvature on X 
average radius of curvature on & 
Euler variables linked to & 

local external variable along N 
local internal variable along N 


420 Signs, Symbols, and Characters 


" = (n/2) — (N, W) 


M 
Ct, ce 
C 

L 

DO, 
(h) or (A) 
(H) 


co-incidence of a wave 2 on a flow W 
deflection of W across & 

normal mass flux across & 

characteristic curves of a one-dimensional expansion 
one-dimensional shock or its flow diagram 
geometric locus 

diameter 

Hugoniot curve 

Crussard curve 

deflagration arc of (H) 

detonation arc of (H) 

magnification 

scanning speed on a film or screen 


1.5. Thermodynamics 


p 

p 

T 

v= I1/p 

Ss 

e 

h 

f 

g 

Cy 

Cp 

o 

o 

a 

N= a/W-N 
ch 

Tr 

Ty 

G = v[¢ep/de(v, e) | 
A 

Ll 

w" 

@ = p"c,/A 
FP, = uLpc,/A 
iy 

oO 


density 

pressure 

absolute temperature 

mass volume 

specific entropy 

specific internal energy 

specific enthalpy 

specific Helmholtz free energy 

specific Gibbs free enthalpy 

specific heat at constant volume 
specific heat at constant pressure 
specific surface 

surface mass 

ratio of specific heats 

velocity of sound in a fluid 

ratio of a to the normal relative velocity 
longitudinal velocity of sound in a solid 
[d log p/d log v](v, s) 

[d log p/d log v](v, T) 

Griineisen coefficient 

thermal conductivity 

dynamic shear viscosity 

longitudinal dynamic viscosity 
longitudinal Prandtl number 

Péclet number 

surface of state of detonation products 
compactness 
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1.6. Chemical Thermodynamics 


mass density of moles of species (A) 

chemical potential of species (A) 

algebraic coefficient of (A) in the q-th reaction 
mass fraction of decomposed explosive 
reactivity 

constituent(s) of a substance 

molar mass composition of a substance 
composition at chemical equilibrium 


1.7. Statistical Mechanics 


(x, u) 


1.8. Electro-Optics 


BVBo "Ss FFs BRA 


point in phase space 

probability density for molecules (k) 
volume density of molecules (k) 

mass of molecule (k) 

mass of mole (k) 

mass of (k) per unit of volume 

specific mass (density) 

number of molecules per unit of volume 
molar fraction of (k) 

mass fraction of (k) 

internal energy of a molecule (k) 

diffusive mass flux of (k) 

potential well between molecules (k) 
equilibrium distance between molecules (k) 
interaction potential between molecules (k) 
volume rate of production in mass of (k) 


intensity 

potential difference 
resistance 
self-inductance 
magnetic induction 
refractive index 
reflectivity 

phase 

incidence 

optical density 
interference order 
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2. Use of Signs Accompanying Symbols 


2.1. Index Used as Subscript 


i,j, k 
m 

q 

0 

1,2 

C 

f 

kk +1 
k + 1/2 
m 

p 

D 

A 

B 

C 

D 

I 

(0), (1) 
* 

CO 


refers to Cartesian coordinates in real space 


an average 

a chemical reaction 

initial state of an explosive substance 
upstream and downstream states of a shock 

a critical condition 

the reaction of formation of a chemical species 
an isentropic condition 

a node of a mesh 

a mesh 


a maximum or a medium adjacent to the explosive 


a derivative at constant pressure 

a derivative at constant volume 

the axis of a flow or the point A of (2) 

a flow boundary or the point B of (H) 

a shock © or the point C of (H) 

a point D of (2) 

the interface between explosive and adjacent 
medium 

terms of a limited expansion 

Chapman—Jouguet state 

an extrapolation for an infinite diameter 


2.2. Index Used as Superscript 


a 
b 


a, B 


i, j, A, Ps q 


Mo BP VFO NAT Ds 


refers to 


the explosive substance 

the detonation products in chemical equilibrium 
the phases of the system 

the chemical species of the system 

a partition of the molecules of a system 

a “normal” wave 

the priming 

the ignition conditions 

a sequence of experimental values 

the critical edge velocity 

a free edge 

a plane detonation 

a spherical detonation 

the stepwise instants of a numerical calculation 
a point of (F) 

the induction phase 
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S a sonic flow 
0 a reference state, or initial conditions 
0 the zero-order structures of a detonation 
* the build-up of a detonation 

or the excitation of an explosive molecule 
A a the activation of an explosive molecule 


2.3. Signs Above a Symbol 


A specifies the downstream state of an ignitor shock 
; a reduced quantity in classical mechanics 
— specifies ; or 
an average in statistical mechanics 
specifies a macroscopic scaling in laminar flow 
~ refers to the averages and fluctuations in turbulent flow 
marks __ ideal state of a gas in thermodynamics 


d 


refers to Reynolds tensor in turbulent flow 
e marks a specific derivative 


{sora chemical equilibrium in laminar flow 


2.4. Signs Below a Symbol 


— specifies the intermolecular equilibrium 


3. Use of Characters According to Nature of Quantities 


3.1. Scalar Quantities 
We use 


e italic letters for 
extensive quantities in mass e 
elecro-optical quantities I 
e roman letters for 


» V, Sf, 9; h, Cys Cp> Jir--- 
V, R, B,n, i, r, @, L, D,... 


we 


variables in space and time X;, X,, t, r, €, @ 
extensive quantities in volume _f,, m,, n“ 
intensive quantities p, T 
kinematic quantities u;, W;, 0, a, C, V, V 
molecular quantities m* 

e upper case for 
“elementary” quantities DS, DV 
“molar” quantities Mé, H*, S*, N* 
surface rates of mass Mi 
volume rates of mass p* 


reactivity S 
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3.2. Vector Quantities 


We use: 


e plain characters with the sign — above or bold characters for geometric or 
kinematic quantities or dynamic quantities in real space: OM, T, n; N or 
N, u or u, W or W; and 

e bold characters in all other cases. 


3.3. Tensor Quantities 


Bold characters are used in all cases. 


Index 


This index is designed as a complement to the “Contents”: it allows the reader to look 
up the meaning of common terms, as well as the acceptation, of abbreviations and 
proper names of which the author, by tradition or by convention, has made special 


use. The arabic numerals refer to pages. 


A 


ab initio (estimations) 356 

ab initio (parameters) 363 
aggregate ratelaw 186, 204 
Arpége code 361 
automorphous detonation 336 
autonomous detonation 79, 82 


B 


Bethe conditions 30, 31 
bifurcation 87, 106 

BKW estimation 353 
boundary 83, 95, 105, 311, 327 
break 328 

build-up 68 

build-up distance 194 
build-up time 194 

built-up detonation 68 

bulk burn 184 


C 


carbon 342, 378 
Chapman—Jouguet points 34 
characteristic curves 51, 82,90 
CHEQ code 361, 366 
composite structures 70 
convergent detonations 
critical detonation 87 
critical diameter 98, 105, 200, 202, 203, 
204 


88, 324 


critical induction pressure 210 
critical pressure 198 
Crussard curve 32 

curvature (average) 76 
curvature (principal radii of) 63 


D 


decomposition law 65, 173, 182, 
204 
deflagration 33 
detonation 33 
detonation layer 62 
detonability thresholds 
detonators 294 
dissipative fluids 10 
divergent detonations 
DLI system 247 
downstream state 27 


198, 199 


83, 315 


E 


ETARC code 361, 366, 367 
exp-6 potential 358 
explosion 315 

explosive 42 

explosive substance 198, 204 
explosophore bond 137 
explosophore group) 113 
external structures 70 
external variables 66 
extinction 98, 106 
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F 209 explosive 43, 318, 323 
F 626 explosive 324 

flash radiography 272 

fluid behavior 9 


Fortran BK W code 361, 366, 367 


free boundary 95 
frontal break 328 


G 


gauges 253 
Griineisen coefficient 34, 394 
guided detonation 332, 338 


H 


hard spheres potential 355 
HNS_ 202, 208 

homobaric mixture 174 
homothermal mixture 174 
hot spots 159 

Hugoniot curve 27, 35 


I 


ignition 160 

ignition entropy 66 

ignition threshold pressure 198 
ignitor shock 66, 100, 196 
implosion 324 

induction 164 

integral images 229 

internal structures 70 
internal variables 68 

inverse method 351 


J 


JCZ estimation 354 
Jouguet’s conjecture 42 
jump relations 5, 6, 8, 9, 27 


K 


kinetics. See decomposition law 


L 


LA MINEUR code 361, 366, 
367 

Lagrangian analysis 195 

LJD potential 354 


M 
Mason-Rice potential 354 


N 


Navier—Fourier fluid 10 

nitramines 115 

nitric esters 115 

nitroaromatics 115 

nitromethane 43, 183, 190, 203, 312, 
316, 323, 367 


O 


oblique break 328 
optical fibers 238 


P 


PBX 9404 explosive 202 

PBX 9502 explosive 202 

Péclet number 205 

penetrameter 285 

PETN (penta-erythritol tetranitrate) 
116, 183, 190, 366, 378 

Percus—Yevick estimate 353 

perfect fluid 9 

perturbation parameter 68, 96, 98 

picrylazoles 138 

piezoelectric gauges 258 

piezoresistive gauges 259 

polarity variation 134 

polytropic fluid 45 

porosity 205 

Prandtl number 74, 398 

pressure (at ignition threshold) 198 

pressure (critical) 198 

pressure (critical induction) 210 

primary explosives 140 
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